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SUMMARY
Theapplicationofanejectornozzleintegratedwit hareactiondriverotor
configurationforaverticaltakeoffandlandingro torcraftisconsideredinthisresearch.
Theejectornozzleisadevicethatimpartsenergy fromahighspeedairflowsourcetoa
lowerspeedsecondaryairflowinsideaduct.Theo verallnozzleexhaustmassflowrate
isincreasedthroughfluidentrainment,whilethee xhaustgasvelocityissimultaneously
decreased.Theexhaustgasvelocityisstronglyco rrelatedtothejetnoiseproducedby
thenozzle,makingtheejectoragoodcandidatefor propulsionsystemnoisereduction.
Ejectornozzlesaremechanicallysimpleinthatthe rearenomovingparts.However,
coupledfluiddynamicprocessesareinvolved,compl icatinganalysisanddesign.
Geometricdefinitionsoftheejectornozzlearedet erminedthroughareducedfidelity,
multi-disciplinary,representationoftherotarywi ngejector.Theresultingrotarywing
ejectorgeometricsizingprocedurerelatesstandard vehicleandrotordesignparametersto
theejector.Additionally,arotarywingejectorp erformanceprocedureisdevelopedto
comparethisrotorconfigurationtoaconventional rotor.Performancecharacteristicsand
aerodynamiceffectsoftherotorandejectornozzle areanalyticallystudied.Ejector
nozzleperformance,intermsofexitvelocities,is comparedtotheprimaryreactiondrive
nozzle;givinganindicationofthepotentialforn oisereduction.
Computationalfluiddynamicsareparamountinpredi ctingtheaerodynamiceffectsof
theejectornozzlelocatedattherotorbladetip. Two-dimensional,steady-state,
Reynolds-averagedNavier-Stokes(RANS)modelsarei mplementedforsectionalliftand
dragpredictionsrequiredfortherotoraerodynamic modelassociatedwithboththerotary
wingejectorsizingandperformanceprocedures.A three-dimensional,unsteady,RANS
 xviii
simulationoftherotarywingejectorisperformed tostudytheaerodynamicinteractions
betweentheejectornozzleandrotor.Overallperf ormancecomparisonsaremade
betweenthetwo-andthree-dimensionalmodelsofth erotarywingejector,andasimilar
conventionalrotor.
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CHAPTER1 
1.0 INTRODUCTION
Sincetheinceptionofthefirstpracticalrotorcra ftintheearly20 th century,therehave
beenmanyvariationsexploredtofulfillevolvingr equirements.Theparallel
developmentofturbineengineshasproveninvaluabl etotheevolutionofrotorcraft.The
increaseinpowersuppliedfromtheenginetother otorwhilemaintainingahighpowerto
weightratiohasledtorotorcraftconfigurationst hatwerepreviouslyimpractical.While
thepurehelicopterhasproventobeaversatilema chineinmanyrespects,itstillhas
limitations.Themostnotablelimitationisthema ximumforwardairspeeddueto
compressibilityeffectsandretreatingbladestall resultinginhighbladeandcontrolloads
andhighvibration[Prouty,1986;Leishman,2000]. Onesolutiontoexpandthemain
rotorlimitsistocompoundthehelicopterwithaw ingandauxiliarypropulsion.The
rotorcanthenbeoff-loadedandslowed,thusincre asingtheforwardairspeedcapabilities.
Slowingthemainrotorofaconventionaltransmissi ondrivenhelicopterrequiresmultiple
gearstageswithinthetransmission,therebyincrea singthevehicleemptyweight.A
reactiondriverotorforgoesthisproblembyproduc ingtherequiredrotortorquewith
thrusterslocatedatthebladetip.Therotorspee dmaybecontrolledeitherbyvaryingthe
thrustgeneratedbythetipthrustersorbyallowin gtherotortoautorotate.
Thereactiondrivehelicopterhasrootsdatingback tothefirstcenturyA.D.,when
HeroofAlexandriaconstructedthefirststeampowe redglobe[Nichols,1970].This
sameconcepthasbeenbuiltuponinthedevelopment ofahelicopterrotorsystemwhere
thetorquetorotatetherotorbladesisderivedfr omathrustsourceatthebladetip.There
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aretwomajortypesofreactiondrivesystems,the puretipjetdrive,wheretheengineis
mountedatthebladetip,andthepressurejetdriv e,wheretheengineisfixedtothe
fuselageandthetipjetthrustersareapartofth epropulsionexhaust[Stepan,1958].
Therehavebeenmanyflighttestedrotorcraftthat havebeenpoweredbythesesystems
startingwithFriedrichvonDoblhoff’sWN-342in19 45[Nichols,1970].Althoughthere
havebeenmanysuccessfulexamplesofthistypeof rotorcraft,therearecurrentlynonein
production.Oneofthemaindrawbacksofthereact iondriverotoristhenoisegenerated
bythebladetipthrusterduetothehighgasveloc itiesrequiredtogeneratethrust.A
proposedsolutionforthisissueistheadditionof anejectornozzletothereactiondrive
nozzle[PorterandSquyers,1979].
Anejectornozzleisafluidpumpwhereahigh-spee dgasflowentrainsasecondary
flowintoamixingduct.Theenergyfromthehigh-s peedflowistransferredtothelower
speedsecondaryflow.Thesedevicesaresimplistic inthesensethattherearenomoving
partsrequired.However,theyinvolvecoupledflui ddynamicprocessesthatcomplicate
analysisanddesign.
Ejectornozzlescanbefoundforawidevarietyof applications,spanningmedical,
industrial,andaerospace.Therearethreebasict ypesofejectornozzles:Jetpumps,
blow-indoorejectors,andthrustaugmentingejecto rs.Jetpumpsareusedinmany
industrialprocesses,suchas:refrigeration,evap orator-condenserheatexchangers,
vacuumpumping,gas-vaporrecovery,andtransporto fsolids.Theblow-indoorejector
nozzlehasbeenprimarilyemployedonaircraftgas turbineenginesasanoisereduction
device.Thethrustaugmentingejectorhasbeenexc lusivelydevelopedforaerospace
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propulsionsystems,primarilytoincreasethestati cthrustforverticaltakeoffandlanding
(VTOL)andshorttakeoffandlanding(STOL)applica tions.
Thefocusofthisresearchisareactiondriveroto rwithanintegratedejectornozzle.
Thisdescriptionisquitecumbersome,andtherefore theterm“rotarywingejector”is
adoptedasthedescriptorwiththeintentofimprov ingthereadabilityofthedocument.
Thebasicpremiseofapplyingthisdevicetoareac tiondriverotoristoincreasethemass
flowrateanddecreasetheexitvelocitywhilemain tainingthenozzlethrust.Therefore,
thefocusofthisstudyisontheaerodynamicinter actionsbetweenthereactiondriverotor
andtheejectornozzlewiththeintentofestablish ingabasisforcontinuedresearch
towardspredictingthenoisegeneratedbytherotar ywingejectorsystem.
1.1 Motivation
Areactiondrive,compoundrotorcrafthasbeenbrou ghtforwardasapossible
configurationtomeettheperformancerequirements forthecombatsearchandrescue
(CSAR)mission.Inadditiontospeed,range,andp ayloadrequirements,theacoustic
signatureofthevehicleisdesiredtobeatleast equivalenttoasimilarlysizedhelicopter.
Historically,thenoisegeneratedbyreactiondrive rotorcrafthasbeendominatedbythe
bladetipthrusterexhaust.Thischaracteristicha smadethemunattractiveVTOL
concepts,especiallywhenoperatingindenselypopu latedareas.
Inordertoestimatethenoisegeneratedbythebla detipthrusterofthereactiondrive
rotor,thenozzlegeometryandflowconditionsare required.Thismandatesthe
developmentofacoupledthermodynamicenginecycle analysisandrotoraerodynamic
analysis[Tai,1998].Theejectornozzlecomplicat esthiscoupledanalysiswithmore
intricategeometryandfluiddynamicinteractions. Themotivationforthisresearchisto
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developananalyticalmethodthatpredictstheaero dynamiccharacteristicsoftherotary
wingejectoroperatinginahoveringflightconditi on.Theperformanceimplicationsof
thisconceptduringhoverareofinterest.Additio nally,theeffectoftherotoronthe
ejectornozzleperformanceisalsodesiredasitma yaffecttheacousticsignature.While
thisstudydoesnotspecificallyaddresstheacoust iceffectsofthisejectornozzle
arrangement,theanalyticalmethodsdevelopedinth isresearchprovideafoundationfor
furtherstudy,includinganacousticanalysisofth erotarywingejector.
1.1.1  ReactionDriveCompoundRotorcraft
AreactiondriverotorcraftisaclassofVTOLairc raftthatusesthrustgeneratedatthe
bladetiptoprovidethetorquerequiredforpowere dflight.Compressedairisducted
fromacompressor,poweredbyapistonorturbinee ngine,tothetipoftherotorblade,
turned90°andexpandedthroughanozzletoproduce thrust.Thecompressedairsource
maybeashaftdrivencompressor,thefandischarge fromaturbofanengine,orthe
exhausteffluxfromaturbojetengine.Thechoice ofhowtheairissuppliedtotherotor
isdependantonmanyfactors,rangingfromthevehi clemissiontothetypeofmaterial
usedtoconstructtherotorblades.
Thereactiondriverotorsystemhasseveralunique advantageswhencomparedwith
conventionalshaftdrivenrotors.Thereisnotorq ueimpartedontheairframefromthe
rotorandthus,noanti-torquedeviceisrequired. Thisresultsinareductionofthe
mechanicalcomplexityandweightofthedrivesyste m.Furtheradvantagescanbe
achievedwhenthereactiondriverotorisincorpora tedonacompoundrotorcraft.
Examplesofcompoundreactiondriverotorcraftare theMcDonnellXV-1,shownin
Figure1,andtheFaireyRotodyne,showninFigure 2.Dualuseofthepropulsionsystem
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topowertherotorinhoverandproducethethrust incruiseisanotheradvantagetothis
VTOLconfiguration.Additionally,inforwardfligh ttherotorcanautorotateataslower
RPM,allowingforhighercruisespeeds.Thiswast hecaseforboththeMcDonnellXV-1
andtheFaireyRotodyne.

Figure1:McDonnellXV-1Convertiplane

Figure2:FaireyRotodyne
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Typicallythereactiondriverotorsystemrequires alargerhubthanaconventional
shaftdrivenrotorwithincreasedcomplexitytoacc ommodatethegasflow.Thesizeof
thehubdependsonthecrosssectionalarearequire dforthegasflowpath.Thegasflow
pathcrosssectionalareaissubsequentlylinkedto thepressureandflowspeedofthegas,
whicharecriticaldesignvariables.Theincreased sizeofthehubmayresultindrag
penaltiesatthehigherairspeeds,comparedtoaco nventionalhub.Thesolidityofthe
rotorwillalsohaveadirectimpactontheoperati onofthereactiondrive.Inorderto
minimizepressurelossesthroughtheducting,thev elocityofthegasmustbelow.The
consequenceoflowgasvelocityisalargerductar eaforthegivenmassflowrate.Since
thegasisductedthroughtheblade,thechordhas toaccommodateboththeblade
structureandtheduct;therebydrivingtherotors olidity.ThehoveringFigureofMerit
willbegintodecreaseasthesolidityisincreased duetothebladeprofiledrag.Therefore,
whentherotorissizedonasimilarscaletoacon ventionalshaftdrivenrotor,thereis
littlevolumeavailablefortheductingintheroto rblades.TheMcDonnellXV-1andthe
FaireyRotodyneincludedacombustionchamberatth etipofeachbladeinaneffortto
maintainreasonablerotorsolidity.Thermalenergy isaddedtotheairflowbyburning
fuel,thusreducingthemassflowrequirementsthro ughtherotorblade.Usinga
combustionchamberatthebladetiploosensthecou plingbetweentherotorandengine,
allowingformoreflexibilityinthedesign.
Reactiondriverotorsdonotrequireanti-torquede vicesforpowerrotorflight
conditions.However,additionalmeansarerequired toachieveyawcontrolinhoverand
lowspeedflightwhenaverticalstabilizerisinef fective.Whentwoenginesarepresent,
differentialthrustorthrustvectoringmayprovide thenecessaryyawcontrol.Ifonlyone
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engineisavailable,additionalyawthrustersarer equired;therebyincreasingthe
complexityofthevehiclesystem.TheMcDonnellXV -1(Figure1)hadtwoyaw
thrusterslocatedatthetrailingendofthetailb ooms.TheFaireyRotodynehadtwo
turbopropengines,allowingeachpropellertobefe atheredseparatelytoproduce
differentialthrust.
Thethrustproducedatthereactiondrivenozzleis afunctionofthegasmassflow
rate,thetemperatureofthegas,andthepressure ratioacrossthenozzle.Constrainingthe
massflowrateleadstotheneedforanincreasein thenozzlepressureratioorthe
inclusionofatipcombustionchambertogeneratet hethrustrequiredbythereaction
drivenozzle.Theresultishighvelocitygasexha ustingfromthereactiondrivenozzle.
Sincethesoundpowerperunitvolumeisapproximat elyproportionaltothegasvelocity
totheeighthpower[Lighthill,1952],largegasve locitiesareveryundesirablefroman
acousticstandpoint.Themodificationofthereact iondrivenozzletoincludeanejector
nozzlehasthepotentialtoreducetheacousticsig natureofthereactiondriverotorsystem
byentrainingfreestreamairwithhighspeedexhau stgas,resultinginanincreaseinmass
flowrateandadecreaseinexhaustgasvelocityfo ragivennozzlethrust.
1.2 Objective
Theobjectiveofthisresearchistodeterminethe aerodynamiceffectsonanejector
nozzleintegratedwithareactiondriverotorina hoveringflightcondition.Therefore,to
meetthisobjectivethescopeofthisresearchwill coverthefollowingfourareas:
1. Thedevelopmentofananalyticalmethodtodetermin eejectorgeometryand
predictflowconditionsforagivensizingconditio n.
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2. Thedevelopmentofananalyticalmethodtopredict performancecharacteristics
forthesizedrotarywingejectoroverarangeofh overingrotorthrustconditions.
3. Thedevelopmentofanejectornozzlethrustbalanci ngproceduretomatchthe
nozzlethrustrequiredtothenozzlethrustavailab leforathree-dimensionalmodel
oftherotarywingejector.
4. Studythethree-dimensionalaerodynamiceffectscau sedbythepresenceofthe
ejectornozzleontherotorperformanceinhover.
Theuniqueapplicationofanejectornozzleintegra tedwithareactiondriverotorhas
notbeenstudiedtodate,andthebasicaerodynamic ramificationsarenotwellunderstood.
Therefore,thefocusofthisresearchconcernsonly theaerodynamicinteractionsbetween
thereactiondriverotorandtheejectornozzle.F urthermore,thetestcaseforthis
proposedresearchisarigidhoveringrotor,thereb yneglectinganydynamicand
aeroelasticeffectstheejectornozzleimpartsont herotorblade.
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CHAPTER2 
2.0 LITERATUREREVIEW
Reactiondriverotorsandejectornozzleshavebe enwidelystudiedindependently
overthelasthalfcentury.Todatethereisnoto neproductionrotorcraftemployinga
reactiondriverotor,primarilyduetotheirlower efficiencyandhighernoisesignature
comparedtoashaftdrivenrotor.Manyofthetech nicalchallengesfacedbythese
rotorcraftconceptswereovercomethroughavariety ofprototypedevelopmentprograms,
themostsuccessfulbeingtheFaireyRotodyne,show ninFigure2.Ejectornozzles
developedforflightvehicleshavefollowedasimil arpath,leadingtotheirintegration
withpropulsionsystemsandseveralprototypeV/STO Ltechnologydemonstrators.
2.1 ReactionDriveRotors
Therehavebeenseveralconfigurationsofreaction driverotorsinvestigatedtodate.
Eachconfigurationisdefinedbythewayinwhicht hrustisproducedatthebladetip.
Aspiratedreactiondriverotorsconstitutethemajo rityofthistypeofrotorcraftprototype
developedtodate.Theenergyusedtogeneratethe thrustatthebladetipistypically
derivedfromagasturbineorpistondrivencompres sor.Theconsequenceisacoupling
betweentheengineandrotor;wheretheductingand nozzlewithintherotorcanbe
consideredanadditionalturbine.Therefore,theb ackgroundsurveyconcerningreaction
driverotorsforthisresearchisfocusedontheco uplingbetweentheengine-rotor
thermodynamicsandrotoraerodynamics.Additionall y,thenoisegeneratedbythetip
thrusterexhaustisinvestigatedasitisacentral issueforthisrotorconfiguration.
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Earlyanalyticalstudiesshowedadirectcouplingb etweentheengineandrotorofa
reactiondriverotorconfiguration.Thethrustpro ducedbythebladetipthruster,interms
ofthemassflowrateandgasvelocity,wasusedto relatetotherotorperformance.This
wasachievedthroughtheeffectsofthethrusterje texhaustontherotoraerodynamics
[Fiorini,1961;EvansandMcCloud,1965].Thepow eravailablecalculationfora
reactiondriverotorrequiresknowledgeoftheflow conditionsbeginningattheengine
extractionpoint.Next,theflowconditions,inclu dingductlosses,betweentheengine
androtorhubarecalculated.Then,theflowcondi tionsthroughtheblade,includingduct
lossesandcentrifugalpumpingeffectsaredetermin ed.Finallythetipthrusternozzle
flowconditionsarecalculated,resultingintheth rustproducedbythenozzle.Thenozzle
thrustmultipliedbythebladeradiusandrotorrot ationalspeedgivesthepoweravailable
[Bachmann,1970].Forreactiondriverotorsthatd erivethegasdirectlyfromaturbine
engine,acycleanalysismustbeincludedtobalanc ethepoweravailablewiththepower
required[CrossleyandRutherford,1995;Tai,1998] .
Amajordrawbacktoreactiondriverotorscompared toconventionalhelicopter
rotors,otherthanloweroverallefficiency[Nichol s,1970],isthenoisegeneratedbythe
highspeedgasexhaustingfromthebladetipnozzle .Thereislimitedacousticdata
availableforprototypereactiondrivevehicles.T akeoffacousticdatafortheHughes
XV-9AHotCycleandFaireyRotodyneiscomparedwit htheSikorskyS-61inFigure3
[Harned etal .,1967].Thereactiondriverotorconceptsgenera tesignificantlymorenoise
overthesamedistance,consideringtheirgrosswei ght.TheHughesXV-9Agenerates
approximatelythesamenoiseastheSikorskyS-61, butisnearlyhalfthegrossweight.
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TheFaireyRotodynegeneratessignificantlymoreno ise,especiallyconsideringthe
additionaldistancetothemicrophone.
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Figure3:RotorcraftNoiseComparison
2.2 EjectorTheory
Theejectorhasmanyapplicationsrangingacrossin dustrial,medical,andaerospace.
Theresultisthousandsofpublicationsontheoreti cal,analytical,andexperimental
investigationsthatconcerneverythingfromthefun damentalfluidmechanismsto
prototypeflightvehicles.Thefocusofthisresea rchisconcernedwithanaeronautical
applicationofanejectorinlowaltitude,subsonic -transonicflowregimes.Therefore,the
literaturereviewwillonlyconsiderair-to-aireje ctorsappliedtoflightvehicles.
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Oneofthefirstpublicationsofanejectornozzle forthrustaugmentationofaaircraft
propulsionsystemwasbyvonKarman(1930).Thist heoreticalinvestigationlaidthe
groundworkforthemanydifferentapplicationsof theair-to-airejectorinaeronautical
research.In1979,PorterandSquyerscompiledove r1,600referencesoftheoretical,
analytical,andexperimentalworkswithejectorsup untiltheirpresentday.Thisreview
ofthestateofejectortechnologywasfollowedby SunandEames(1995).Theirreview
focusedonthevarietyofejectorapplicationsini ndustrialprocesses,withanoteonthrust
augmentingejectornozzlesforV/STOLaircraftrese arch.Subsequentpublicationscan
befounduptothepresentforavarietyofejector applications.
Theejectorisafluiddynamicdevicethatrequires nomovingparts.However,the
fluidmechanismsinvolvedarequitecomplicated.T heejectormaybeseparatedintofour
flowelementsandthreegeometriccomponents:the primaryandsecondaryflows,
mixingregime,andejectorexhaustmixedflow.The primaryflowistypicallysupersonic
andderivedfromacompressedairsource,suchasa turbineengine.Thesecondaryflow
caneitherbestatic,subsonic,sonic,orsupersoni c;dependingontheapplication.This
flowisductedfromthesurroundingsintotheeject orandinteractswiththeprimaryflow
atthebeginningofthemixingregime.Theprimary andsecondaryflowsarethenmixed
eitherunaidedbytheturbulentshearlayerorforc edbyaflowmixingdevice.Themixed
flowisfinallyexhaustedfromtheejectortothes urroundings.
Thethreegeometriccomponentsoftheejectorconsi stofaprimarynozzle,secondary
inlets,andejectorshroud.Theprimarynozzlemay eitherbeaconvergentorconvergent-
divergentnozzleconfigurationdependingontheint endedapplication.Thesecondary
inletsmaybeeitherdiffusersornozzles;dependin gonthedesiredflowvelocityatthe
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beginningofthemixingregime.Theejectorshroud mayhaveanyshaperequiredbythe
designer.Foraircraftapplicationswheretheejec torisprotrudingintothefreestream,
streamliningtheoutsideportionoftheshroudist ypicallydonetoreducedrag.The
internalshapeoftheshroud,itsflowpatharea,a nditslengtharedependantonthe
primaryandsecondaryflowconditions[DeChant,19 98].Thisdependencyincreasesthe
difficultyinthedesignofanejectornozzlefora givenapplication.Abasicejector
schematicofanejectorisshowninFigure4.
Secondary
Inlets
Primary
Nozzle
Mixing
Regime
Ejector
Exhaust
EjectorShroud
EjectorShroud
Primary
Flow
SecondaryFlow
SecondaryFlow









Figure4:EjectorSystemSchematic
Mixingofthetwoairstreamsisakeymechanismin theoperationofanejector.The
shearlayerthatdevelopsbetweentheprimaryands econdaryflowshasbeenstudied
extensively.Themostnotableworksrelevanttoth eejectorproblemareintheareaof
turbulentshearlayers.Earlystudiesonshearlay ercharacteristicsfoundthatasthespeed
ofthesecondaryflowincreases,theperiodicityof theturbulentshearlayerreducesand
thenvanisheswhenthesecondarystreamissuperson ic[Pai,1952].Experimentaland
analyticalstudiesoftheturbulentshearlayersho wedthatcompressibilityeffectsonthe
growthoftheturbulentshearlayercannotbenegle cted[Bogdanoff,1982;Papamoschou
andRoshko,1988;ElliotandSemimy,1990;Goebela ndDutton,1991].Thesestudies
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wereexpandedtorectangularfreeandcoaxialsuper sonicjets,showinganincreaseinthe
growthrateoftheshearlayercomparedtoacircul arfreejet[Gutmark etal .,1991].The
experimentalstudiesoutlinethecomplexityofthe fluidmechanismsthatdominatethe
mixingoftwoco-flowingairstreams;especiallywh enoneorbotharesupersonic.A
simplifiedviewofturbulentmixingcanbetakenas theconvectionbythemeanvelocity
fieldandlarge-scaledturbulentmotions,andgradi ent-typeturbulentdiffusionbysmall-
scaleturbulentmotions[Patterson,1984].
Thefluidmechanicsoftheejectornozzlehavebeen studiedanalytically,numerically,
andexperimentally.Someofthesestudiesinclude fullscaleprototypeaircraftemploying
ejectorsasapartofthepropulsionsystemforthr ustaugmentationornoisesuppression,
liftaugmentation,andexhaustinfraredsuppression .
2.2.1  AnalyticalStudies
Earlyanalyticalstudiesoftheejectorwerebased onone-dimensional(1D)control
volumetheory.Thesemodelsweretypicallyempiric allycorrectedbasedon
experimentaldata[DeChant,1998].Someearlyexa mplesof1Dcontrolvolumestudies
assumedtheflowisfullymixedatthecontrolvolu meexit.Overallejectorperformance,
suchasthrust,meanvelocity,pressure,andtemper ature,canbedeterminedusingthis
approach[Keenan etal .,1950;FabriandPaulon,1958;Addy etal .,1981;Emanuel,
1976;Quinn,1973;DuttonandCarroll,1986;Presz andGousy,1986;PreszandBlinn,
1987;AlperinandWu,1983aand1983b;Arbel etal .,2003].Thistypeofmodeliswell
suitedforearlydesignstageswhenthedetailsof thefluidmechanicsarelessimportant
thanasimplemodelthatcanbeusedduringdesign optimization[Kremar etal .,2003].
Thetwoprimarydisadvantageswhenusingthismetho daretheuseofthefullymixed
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flowassumptionandneglectingtheshroudgeometry. Thismethoddoesnottakeinto
accountthecompressibilityeffectontheshearlay ergrowth,thelengthofthemixing
ductrequiredforfullmixing,andtheshapeofthe ejectorshroud.Therefore,themodel
willnotperformconsistentlyacrossallvariations ofejectordesigns.
Aninterestingapproachtotheejectorproblemusin gavortexlatticemethodwas
implementedtoaccountfortheexternalflowsurrou ndinganejectorwing.Thismethod
isabletocapturethegeometriceffects,primarily thelengthandpositionoftheshroud,
onejectorperformance[Bevilaqua,1978and1984;W oolard,1975;AlperinandWu,
1981].Thesearethefirstanalyticalmodelsthat includetheflowfieldinwhichthe
ejectoroperates.Thefollowinganalogyismadeba sedonthesestudies[Bevilaqua
1978]:

“Theejectorshroudisconsideredtobe“flying”in thesecondaryvelocityfieldinduced
bytheentrainmentoftheprimaryjet,sothatthe augmentingthrustisviewedasbeing
analogoustotheliftonanairfoil. ”

Whilethismethodtakesintoconsiderationtheoper atingflowfield,theturbulentmixing
processismodeledasparticlecollisions.Therefo re,thistypeofmodelisincapableof
capturingcompressibilityeffectswithoutempirical data.Inaddition,byassumingthe
particlecollisionanalogyforthemixingprocess, thethicknessoftheprimaryjetis
neglectedandthestream-wisejetvelocitydecaymu stbeempiricallypredicted.
Therefore,themixingoftheprimaryandsecondary flowsisnotimpactedbythe
presenceofvorticesrepresentingtheejectorshrou ds.Whilethisnovelapproachmaybe
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usefulinpredictingtheoverallperformanceofan ejector,numericalmethodsare
requiredtoachievemorerealisticmodelsofthetu rbulentmixingprocessinsidethe
ejector.
2.2.2  NumericalStudies
Earlynumericalmodelsemployedtwo-dimensional(2D )inviscidorboundarylayer
formulations.Manyofthesestudiesassociatedwit htechnologydevelopmentprograms
andwereaccompaniedbyanexperimentformodelval idation.Thesemethodsareableto
predictthelengthofthemixingsection,butrequi retheprimaryairflowtobesupersonic.
Thisanalysismethodisconsideredtobeahigherf idelitymodeloftheejectorfluid
mechanicsthanthatofthe1Dcontrolvolumeorvor texlatticemethods.The
compressibilityeffectsareadequatelycapturedand thespecifiedshroudgeometrycanbe
modeled[ChowandAddy,1964;GilbertandHill,197 3;Hickman etal .,1970and1972;
Maroti etal .,1976;HedgesandHill,1974;DeJoodeandPatanka r,1978;Yang etal .,
1985;Clark,1995;Papamoschou,1996;HanandPeddi eson,2002].Thefocusofthese
studieswasontheflowinsidetheejector,andany externalflowcharacteristicswere
neglected.Manyoftheseearlynumericalformulati onsaccompaniedlaboratory
experimentsandtheresultsshowedgoodcorrelation .
Auniquestudyimplementingnumericalandanalytica lperturbationsolutions
computedfortheNavier-Stokesequationswasperfor medforamixer/ejectornozzle.
Thisprovidedamodelofintermediatecomplexitybe tweenthecontrolvolumemethod
andtheinviscid/boundarylayermethods.Thismeth odreliedonaprioriknowledgeof
theflowstructureinsidetheshroudbasedonunifo rminletconditions[DeChant,1998].
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Thisinformationmaybedifficulttoobtainforsom econfigurations;however,itmaybea
goodcompromiseinmodelfidelityforaircraftengi neapplications.
Inthelasttwoandahalfdecades,ejectormodels havebeenprimarilydeveloped
usingthecomputationalfluiddynamics(CFD)inthe formoftheNavier-Stokesrelations.
Two-dimensionalCFDmodelsdevelopedoverthistime typicallyonlyconsiderthe
internalflowfieldoftheejector,withtheprimar yfocusoneitherreducingenginenoise
orexhausttemperature,dependingontheaircraftm ission[McFarlan etal .,1990;Barber
andAnderson,1991and1992;DeBonis,1992;Elliott  etal .,1992;DongandMankbadi,
1999].Theeffectsontheejectorperformanceand efficiencyhavebeenshowntobe
dependantontheshocktrainformedwithinthemixi ngduct[DesevauxandLanzetta,
2004].Two-dimensionalCFDformulationsofejector flowshaveshowngoodagreement
withtheaccompanyingexperimentaldataintermsof predictingtheinternalflow
structure,andpressure,temperature,andvelocity distributions.
Three-dimensional(3D)CFDstudiesconsideringthe internalflowofejectorswere
performedbynumerousinvestigatorsforarangeof applications.Three-dimensional
CFDmodelinghasbeenusedtoanalyzeenginemixer/ ejectornozzleconfigurationsfor
noisereductionwiththeprimarygoaltodevelopa designtoolthatintegratedtheCFD
analysistoCADandmanufacturing.However,poorc orrelationoftheCFDresultsto
experimentaldataatthetimehinderedprogressfor thisapproach[Kuhne etal .,1994].
Anejectorsystemusedfornacelleventilationont heBA-609TiltrotorAircraftwas
designedprimarilyusingCFDmodels.Inadditiont othemodeling,anexperimentwas
conductedtotestfourofthedesignconfigurations inordertovalidatethemodel[Loka et
al.,2000].Astudyofathrustaugmentationmixer/e jectorforcommercialaircraft
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engineswasperformedbyPresz etal ,2002,providedastaticthrustgainandsideline
noisereduction.Inthisstudy,acontrolvolumea nalysiswasusedtogeneratetheideal
mixer/ejectorperformance,anda3DCFDmodelwast hendevelopedandcomparedto
theidealcaseoverarangeofairspeeds.TheCFD resultspredictedmuchhigherthrust
gainscomparedtothecontrolvolumemodelathighe rairspeeds.Scaledexperimental
testswereperformedinordertovalidatethemodel ing.Thesetestsshowedgood
correlationbetweenthecontrolvolumemodelandCF Datthelowerairspeeds,butpoor
correlationwiththeCFDmodelingatthehigherair speeds.Thestudywentfurtherto
includestaticenginethrusttestswithandwithout themixer/ejectorandflighttestingof
themixer/ejectorinstalledonaGulfstreamGII,sh owninFigure5.Boththefullscale
staticthrusttestandtheflighttestshowedexcel lentagreementwiththeCFDmodel
results[Presz etal .,2002].

Figure5:PropulsionSystemNoiseSuppressionMixer/Ejector
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Alargeeffortintheimplementationofmixer/eject ornozzleshasbeenundertakenfor
thehighspeedciviltransportprogram(HSCT).Stu diesperformedundertheHSCT
programfocusedontherapidmixingoftheprimary andsecondaryflowswithforced
mixingnozzles.TheCFDmodelingofthesemixer/ej ectornozzlesprescribedtwo
counterrotatingvortexpairsalongtheexitcontou rofalobedmixingnozzleinorderto
simulatemixingenhancementtabs.Theresultofth esestudiesshowedonlyasmall
increaseintheoverallmixingofthetwoairstrea mswhenvortex-generatingtabswere
usedinconjunctionwithalobedmixingnozzle[Dal BelloandSteffen,2002;Yoder etal .,
2005].Theimpactofthesidewallofalobedmixer nozzlehasbeenstudied,resultingin
thevalidationofthehalf-chutesymmetryassumptio nforthecentralregionsofthelobed
mixernozzle.However,thisassumptiongavepoorc orrelationofacomputationalmodel
toexperimentaldataatthesidewallregions[Yoder  etal .,2005].
Avarietyofturbulencemodelshavebeenappliedto numericalstudiesofejector
flows.EarlyworksanalyzingejectorflowwithCFD usedtheBaldwin-Lomaxalgebraic
model[McFarlanandMcMurry,1990].Thek-Epsilon turbulencemodelhasbeenwidely
usedforboth2Dand3Dejectorflows[DeBonis,199 2;Kuhne etal .,1994;Presz etal .,
2002;DalbelloandSteffen,2002;DesevauxandLanz etta,2004;Yoder etal .,2005;
Gullia etal .,2006;MasudandJaved,2007;Yoder etal .,2005].Largeeddysimulation
(LES)hasbeensuccessfullyappliedtoejectorflow s,mostnotablywhenincludinga
lobed,forcedmixing,primarynozzle[DongandMank badi,1999].Thek-Omega
turbulencemodelappliedtoa3DCFDmodelshowedg oodagreementforpredictingthe
internalejectorflowfieldforarectangularprima rynozzle[Loka etal .,2000].Menter’s
k-Omegashearstresstransport(SST)turbulencemod elappliedtoacircularprimary
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nozzleofanejectorshowedbetteroverallagreemen twithexperimentalresultscompared
withseveralothermodels[Balasubramanyam etal .,2005].
Themajorityofthenumericalstudieswererelated topropulsionsystems,and
therefore,theassumptionthatthesecondaryflowi nletconditionsareuniformisjustified.
Thisassumptionmaynotbevalidforpredictingeje ctorperformancewhenthedeviceis
locatedonthetrailingedgeofawing,asinthee xampleoftheejectorwingconcept
[Bevilaqua,1978].
2.2.3  ExperimentalStudies
Earlyexperimentswithejectorsperformedinthemi d20 th centurywereconducted
primarilytoshowcorrelationwiththeanalytical1 Dcontrolvolumemodelsusedatthe
time.Duringthistimetherewasgreatinterestin ejectortechnologyappliedtoaircraft
propulsion[Keenan etal .,1950;FabriandPaulon,1958].Theprimaryrati onalforusing
thecontrolvolumemethodwastoprovideamodelth atcanbeusedparametricallyorin
anoptimizationprocedure[Dutton etal .,1982].Experimentationwasthenusedtomake
comparisonsagainstthemodel,resultinginempiric alcorrectionfactorstoprovidethe
necessaryaccuracyforejectordesign.
Laterexperimentationwasperformedinordertoval idatenumericaltechniquesfor
solvingthe2Dinviscidorboundarylayerformulati ons.Thisapproachprovidedgood
agreementbetweenthemodelandexperimentaldataf ortheejectorproblem[Hickman et
al.,1970and1972;GilbertandHill,1973;Hedgesan dHill,1974;andMaroti,1976].
Theseexperimentalworkswereperformedinalabora torysettingandonlyconcernedthe
studyoftheinternalfluidmechanicsofthehigha ndlowspeedflowinteractions.
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Windtunnelinvestigationsofanejectorblownlift /cruiseflaphaveproduceda30%
increaseinthrustatstaticconditionsoveratrad itionalnozzle.However,thethrust
augmentationfellofrapidlyasthefreestreamspe edincreased,resultinginathrust
penaltyatcruisespeeds.Itwasdeterminedthatt heflowwasnotfullymixedattheexit
oftheejectorandthismaydecreasetheperformanc eathigherspeeds[Clark,1973].
Therehasbeenasignificantexperimentaleffortto employmixer/ejectornozzleson
turbofanenginestoreducenoise.Experimentalinv estigationsoftheflowwithinmodel
turbofanforced-mixernozzleshavebeenperformedi nordertoobtainvelocityand
thermodynamicstateproperties.Thedataobtained wereusedtofurtherdevelop
computationalmodelsofforced-mixernozzles[Pater son,1984].Theseexperimental
workshaveshowntheeffectofthestream-wisevort icitygeneratedbythelobedmixer
nozzleonthemixingoftheenginecoreflowandby passfanflow[PreszandGousy,
1986;Skebe etal .,1998].Theresultofthisexperimentalefforti sasetofbenchmark
datathatcouldbeusedtoaidCFDmodelingofthis complexflowfield[Tillman etal .
1988].Furtherinvestigationofmixingenhancement asapossibletechniqueof
increasingthegrowthrateoftheshearlayerbetwe entwoco-flowinggasstreamsusing
vortexgeneratorstointroducestream-wisevorticit ydirectlyintotheshearlayer.This
techniquewassuccessfulatincreasingtheshearla yergrowthrate[Dolling etal .,1992;
FernandoandMenon,1993].
Experimentalstudiesintheshearlayergrowthmech anismbetweentwoco-flowing
gasstreamshavebeenshowntobeparamountinthe understandingofthefluid
mechanicsofejectors.Theeffectofcompressibili tyreducingthegrowthoftheshear
layerwasuncoveredduringtheseexperiments[Gutma rk etal .,1991].Othernotable
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studieswereperformedwheretheejectorpumpingch aracteristicswereshowntobe
dependantontheshapeoftheshroud[LuffyandHam ed,1992].Inaddition,the
rectangularmixer/ejectornozzleswereshowntohav esimilarcharacteristicstothe
circularmixer/ejectornozzlespreviouslystudied[ Tillman etal .,1988;Charyulu etal .,
1998].Amorerecentstudyshowedthatmulti-stage mixer/ejectorsystemsareableto
furtherincreasediffusionrateandthrustaugmenta tion[PreszandWerle,2002].
Therewereseveralexperimentalstudiesperformedt hatincludedtheflowfieldthe
ejectorisoperatingwithin.Onestudyemployedan ejectornozzleembeddedinawing
sectionandwastestedinawindtunnel.Theresul tsshowedthatwhentheejectorwas
operating,thestagnationpointmoveaftalongthe lowersurface,therebyincreasingthe
effectiveangleofattack[Catalano etal .,1982].Thistestshowstheneedforthe
inclusionoftheoperatingflowfieldwhenmodeling thistypeofejector/wing
configuration.AnotherwindtunneltestonaSTOVL fighteraircraftconceptshowedthat
thrustaugmentingejectorsystemswereviablefort hisapplication[Poppen etal .,1991;
Smith etal .,1992;NaumowiczandSmith,1992].
2.2.4  EjectorAeroacoustics
Themotivationformanyapplicationsoftheair-to- airejectoristhereductionofnoise
generatedbyahighspeedexhaustflow.Thesound powerofajetofairintoaquiescent
atmospherewasshowntobeapproximatelyproportion altothejetvelocitytotheeighth
power[Lighthill,1952].Thus,byentraininglower velocityairflow,theexitgasvelocity
oftheejectorisreducedthroughfluidmixingeith erbytheturbulentshearlayergrowth
orforcedmixing.Theresultisanoveralllowers oundpowerlevelcomparedtothe
originaljetsource.Lighthill’sanalogyhasbeen appliedtoanejectornozzle,which
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includeboththeoreticalandexperimentaldevelopme nt.Theexperimentalresultsshowed
additionalnoisesources,includingshocknoise,pr opagatingpasttheeffluxoftheejector
[Middleton,1970].Muchofthedevelopmentofthe mixer/ejectornozzleforthepurpose
ofnoisereductionhasbeenundertakenduringthev arioussupersonictransport(SST)
programs.Thedevelopmentofthesupersonictransp ortpropulsionsystemshowedearly
onthatnoisewasacriticalissueforthesuccess ofthisprogram.Theruleofthumbused
todeterminethesuccessofanoisesuppressioncon ceptiswhetherbetterthan1decibel
inperceivednoiselevel(PNdB)per1%thrustloss isachieved[Smith etal ,1988].Test
resultsshowedtheejectorshroudprimarilyreduced thehighfrequencynoisesourcesand
itwasrecognizedthatapplyinganacoustictreatme nttotheshroudwallswouldfurther
reducetheejectorinternalmixingnoise.Converge nt-divergentmixernozzlesshowed
lowernoiselevelscomparedtheconvergenttypeand increasingthesecondaryejector
areawithoutincreasingtheejectorlengthresulted inhighernoiselevels[Krejsa etal ,
1990].Furtherexperimentalstudies,someincludin gCFDmodeling,wereperformedto
determinethenoiseofthemixerejectornozzle.H owever,theCFDmodelswereonly
usedtopredicttheejectorflowproperties,notth enoise.Theflowpropertieswerethen
usedinsemi-empiricalacousticpredictionmodelst odeterminethenoisegeneratedby
theejector[Lord etal .,1990].Anotherapproachtakenwastoconsidera rangeofengine
designs,includingbaselinenoiselevels,todeterm inetheappropriatenoisesuppression
methodtoachieveoptimumconfigurationsbasedons emi-quantitativeanalysis.
Acousticallytreatedtwo-dimensionalmixerejectors conceptshowedthemostsuccess
outoftheconfigurationsthatwereexamined,shown inFigure6[Thayer etal ,2004].
Themaindesigntradeoffswiththismixerejectorc onfigurationareareductionintakeoff
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thrustcoefficient,increasedcomplexity,weight,a ndcostassociatedwiththeejector
doorsandrequiredacoustictreatmentagainstthei ncreasedweightanddragpenaltywith
alargersizeenginetoachievethesamenoiseleve lswithoutthemixerejectornozzle
[Stone etal ,2000].Thenoisesourcesshowntohavethemost influentialcontributions
arethejetnoise,mixingnoise,andshocknoise. Asemi-empiricalcomputational
methodologyfortwo-dimensionalmixerejectornozzl esystemsfortheHSCTbasedon
principalaerodynamicandgeometricvariableswasd evelopedtopredictnoiselevels
[Stone etal ,2003].

Figure6:HSCTTwoDimensionalMixerEjectorNozzle
2.2.5  AircraftApplications
Manyaircraftconceptshavebeenexploredthathave usedejectorsystemsforthrust
augmentation,however,veryfewhavebeenemployed onprototypeaircraft.Theaircraft
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prototypesusingthrustaugmentingejectorsinclude theLockheedHummingbirdXV-4A,
DeHavillandBuffaloXC-8A,RockwellInternationalX FV-12A,andBall-BartoeJW-1
AugmenterWing.
TheXV-4A,aresearchaircraft,showninFigure7, wasdevelopedtotestthe
feasibilityoftheejectorforVTOL.Thisaircraft hadlimitedsuccess,onlyachievinga
thrustaugmentationratioof1.3.Thelowthrusta ugmentationratioalongwithexhaust
re-ingestionandsuckdowneffectduetotheground vortexgeneratedbythehighspeed
exhaustplumeresultedinmarginalverticalliftca pability.Theprogramwascanceled
becausethisconceptwasnotcompetitivewithother VTOLaircraftatthetime[Porter
andSquyers,1979].

Figure7:LockheedXV-4AHummingbirdHoverTest
NASA,workingwiththeCanadianDepartmentofIndus try,Trade,andCommerce
(DITC),DeHavilland,andBoeing,modifiedaC-8ABu ffaloforSTOLcapabilityusing
anejector-flapaugmenterwingsystem,showninFig ure8.Thisaircraftwasthefirst
successfulSTOLtransportdemonstrator.Theflight envelopewassufficientlyexplored,
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resultinginanextendedflighttestprogramprimar ilyfocusedonhandlingqualitiesand
noiseabatement[PorterandSquyers,1979].

Figure8:NASA/DITCXC-8ASTOLResearchAircraft
TheBall-BartoeJetWingaircraft,picturedinFigu re9,wasdevelopedbyBall-Bartoe,
inpartnershipwiththeUniversityofTennesseeund ertheNavalAirSystemsCommand.
Thisaircraftdemonstratedaminimumcontrolspeed of35knotswithanestimatedstatic
thrustaugmentationof1.17.Sincethisaircrafti sprivatelyowned,thereisverylittle
publishedinformation[PorterandSquyers,1979].

Figure9:Ball-BartoeJW -1STOLResearchAircraft
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Inrecentyears,theejectorhasbeenprimarilyemp loyedasanenginenoiseorexhaust
infraredsuppressiondeviceforpropulsionsystems. Figure5isanexampleofanoise
suppressorinstalledonabusinessjet[PreszandW erle,2002].Theinfraredsuppression
systemontheRAH-66Comanche,showninFigure10, usedejectortechnologytocool
theengineexhaust[PreszandWerle,2002].

Figure10:RAH-66ComancheMixer/EjectorExhaustInfraredSuppres sorSystem
2.3 Conclusion
Theaspiratedreactiondriverotorhasbeenshownt obeacoupledsystem,requiring
multi-disciplinaryanalysis.Duetothelengthof theductinsidetherotorblade,the
effectsofcentrifugalpumpingontheinternalflow cannotbeneglected.When
consideringaturbojetorturbofanengine,thereac tiondriveisconsideredanadditional
turbineandrequiresacoupled,multi-disciplinary procedureforanalysis.Thelimited
acousticdataavailableconfirmsthatreactiondriv erotorconfigurationsarenoisierthan
conventionalrotorcraft.
Theejectorhasbeenextensivelystudiedoverthel asthalfcentury.Thishasleadtoa
diversityofapplicationswheretheejectorisani ntegralsystemcomponent.Inregardsto
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aerospaceapplications,themixer/ejectornozzleha sbeenprimarilyassociatedwiththe
propulsionsystem.Thebenefitsofaddingthiscom ponenttoanaircraft’spropulsion
systemaretypicallythrustaugmentation,noisesup pression,orexhaustinfrared
suppression.Themajorityoftheanalyticalandnu mericalworktowardscalculating
ejectorperformancehasbeenlimitedtoanalyzingt heinternalfluidmechanics.While
thismaybeavalidapproachformanyapplications, therearesomecaseswherethe
modelpredictionsandtestresultsdonotcorrelate .Thisisespeciallytrueforaircraftwith
ejectoraugmentedjetwings.Asaresult,thecomp leteinternalandexternalflowfield
mustbemodeledtocapturethephysicsoftheprobl em.Asidefromthementionofthe
ejectornozzlehavingapotentialapplicationtoa reactiondriverotorbyPorterand
Squyers(1979),nopublishedinformationcouldbef oundthatstudiedtheapplicationof
anejectornozzletoareactiondriverotorconfigu ration.Thisisauniqueapplicationof
anejectornozzleandthebasicaerodynamiccharact eristicsarenotwellunderstood.
Therefore,thefocusofthisstudyisontheaerody namicinteractionsbetweenthereaction
driverotorandtheejectornozzlewiththeintent ofestablishingabasisforcontinued
researchtowardspredictingthenoisegeneratedby therotarywingejectorsystem.
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CHAPTER3 
3.0MATHMATICALANDNUMERICALFORMULATION
Theanalyticalassessmentoftherotarywingejecto rconsideredforthisstudymaybe
accomplishedthroughseveraldifferentapproaches. Theanalyticalmethodpresented
containsalowerfidelityvortexwakeformulationt opredictrotoraerodynamicsinhover.
Aone-dimensionalthermodynamiccontrolvolumeappr oachisimplementedtopredict
boththereactiondriveandejectornozzleflowpro perties.Two-dimensional
computationalfluiddynamicsimulationsareusedto estimatetheaerodynamicloadsat
thebladetipregion,wherethetipjetejectornoz zleislocated.Finally,athree-
dimensionalcomputationalfluiddynamicmodelofth erotorandtipjetejectornozzleis
developedtopredicttherotorandejectoraerodyna miccharacteristics.
3.1 RotorAerodynamics
Therearemanydifferentapproachestopredictingt heperformanceofahelicopter
rotorpresentlyavailabletotheengineer.Thedif ferentmethodsrangeacrossclassical
actuatordisks,bladeelementincludinguniforminf low,non-uniforminflow,dynamic
inflow,andvortexwakemethods,hybridCFD-vortex wakemethods,andCFD.
Selectingtheapproachhasadirecteffectoncompu tationaltimeandsolutionaccuracy.
Thistradeoffmustbecarefullyconsideredforthe applicationathand.Forexample,the
predictionofthedownloadcharacteristicsonatil t-rotoraircraftwithflapsandleading
edgeslatswouldrequiretheuseofahigherfideli tyCFDapproach.Ontheoppositeend
ofthespectrum,tradingrotorconfigurations(sing le,tandem,coaxial,orside-by-side)
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duringaconceptualdesignrequiresasimple,lowf idelityapproach,suchasanactuator
disk,thatcanrapidlyprovidesolutions.Thenatu reoftheproblemexaminedinthis
researchalmostdictatestheuseofCFDexclusively .However,lackingguidanceforthe
basiccharacteristicsofthisrotorconfiguration, ageometricsizingproceduremust
precludeanyCFDrotormodelingapproaches.Witht hisinmind,asimplerotor
aerodynamicmodelhasbeendevelopedforthepurpos eofsizingtherotarywingejector.
Abladeelement,prescribedvortexwakemodelbased onLandgrebe’sworkis
implementedforthisstudy[Landgrebe,1971and197 2].Ageneralschematicofthe
wakegeneratedbyarotorinhoverispresentedin Figure11[StepniewskiandKeys,
1984].


Figure11:NotionalWakeStructureforSingleBladeinHover
 31
Thewakegeometryisafunctionoftherotorgeomet ry,includingtwistandtaper,and
thrust.Theradialinducedvelocitydistribution, orinflow,isdeterminedbyapplyingthe
Biot-Savartlaw.
(1)  ( )34 r
rsd
vd
pi

 ×Γ
=
Theterm r isthedistancefromthepointatwhichthechange ininducedvelocity, vd ,is
calculatedtothevortexfilament,and sd isthelengthofthevortexfilamentwith
strength Γ .ThisrelationshipisshowninFigure12.
P
r
ds
Γ
Ω
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z
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Figure12:TrailingVortexDiscretizationMethod
Theorientationofabladeelementforahoveringr otorispresentedinFigure13.The
verticalvelocitycomponent, PV

,isthesumofthecontributionsofallofthevor tex
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filamentsinthewakeactingonthebladeelement. Thewakegeometryisseparatedinto
thetipvortexandtrailingvortexsheet.Thetip vortexgeometryisdefinedbythe
followingtwoequations.
(2)
( )
( ) ( ) ( )
 ≥−+−
≤≤+−
=
=
bwbwTtwNtip
bwwtwTtip
NNCRz
NC
R
z
bw
piψpiϕθ
piψψθσ
piψ 2,201.01
20,001.025.0
2

(3)  ( ) ( )( )wTCtip eAARy ψ27145.01 +−−+=
Where tipy and tipz arethelateralandverticaldisplacementsofthe vortexfilament.The
trailingvortexsheetgeometryvarieslinearlyasa functionoftheradialdistancefromthe
innerenddefinitiontotheouterenddefinition. Theinnerendofthetrailingvortexsheet
geometryisdefinedbythefollowingequation.
(4)  ( ) ( )

≥−+
≤≤
=
=
bwtwTtwtw
bw
r
tip
NC
N
R
z
piψpiθθθ
piψ
2,221845.0128
20,0
0

Theouterendofthetrailingvortexsheetgeometry isgivenbytherelationbelow.
(5)  ( ) ( )

≥−−−
≤≤−
=
= bwbwTbT
bwwT
r
tip
NNCNC
NC
R
z
piψpiψpi
piψψ
2,227.2222.2
20,22.2
1

Thetrailingvortexsheetisdiscretizedintotrail ingvorticesateachbladeelementalong
theradiallengthoftheblade.Thetrailingvorti cesandthetipvortexarethensplitinto
vortexfilaments,wheretheBiot-Savartlawisappl iedtoapoint,P,ontherotorbladeas
showninFigure12.
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Figure13:BladeElementOrientation
Thenondimensionalthrustandpowerfortherotora regivenbythefollowing
relationships.
(6)  ( ) ( ) ( )( )
=
−+=
R
rr
dlT drCCrC
0
sincos
2
22 φφλσ
(7)  ( ) ( ) ( )( )
=
++=
R
rr
dlP rdrCCrC
0
cossin
2
22 φφλσ
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Where λ representstherotorinflow.Thenondimensionalt hrust CTcalculatedinEq.(6)
iscomparedtothenondimensionalvehiclegrosswei ght, CW,inordertodeterminethe
rotortrimstateinhover.
(8)  ( )2RA
GWCW Ω
=
ρ

Atrimprocedureadjuststhecollectivebladepitch angletodrivethedifferencebetween
thenondimensionalweightandthrusttozero;there bytrimmingtherotor.
Gasflowofhighvelocityandtemperatureisejecte dfromthetipregionofareaction
driverotorintothesurroundingflowfield.Previ ousresearchbySpence(1956),Ivesand
Melnik(1974),andDippold(2003)withjet-flapped wingsandjet-wingshaveshownthat
awingwithjetexhaustingfromthetrailingedgea ltersthepressuredistributionandthe
associatedliftanddragcharacteristics.Withthi sevidence,computationalfluiddynamics
appearstobetheminimumlevelofmodelingfidelit ytocomputetherequiredairloads
needforthisrotorproblem.Additionally,toachi eveatrimmedflightconditionfora
reactiondriverotor,thejetthrustavailableand thejetthrustrequiredmustbeequalto
produceagivenamountofrotorthrust.Thisaddit ionaldegreeoffreedominthetrim
procedurerequiresathermodynamicanalysistodete rminethejetflowconditionsatthe
nozzleanddictatestheuseofcomputationalfluid dynamicstopredicttheairloadswith
theinclusionofanyeffectsthejetflowmayhave.
3.2 ReactionDriveRotorThermodynamics
Thereactiondriverotorisanalogoustoaturbine, wherecompressedgasisexpanded
toproducework.Inthiscase,compressedgastrav elsupafixedduct,transitioningtoa
rotatingduct,thenturned90°intoarotatingduct withintheblade.Thegastravelstothe
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endoftherotatingduct,turns90°again,andise xpandedthroughanozzletoproduce
thrust.Inaddition,acombustionchamberlocated upstreamofthenozzleisincludedin
thisresearch.Thethermalenergyaddedtotheair flowallowsforareducedmassflow
rateforaconstantnozzlethrust.Thisresultsin asmallerductwithinthebladeandlower
rotorsolidity.Thebasicoperationofareaction driverotorispresentedinFigure14.
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Figure14:ReactionDriveRotorSchematic
Thereactiondriverotorconfigurationconsideredi nthisresearchissubdividedinto
severalcomponents:rotor-headsupplyduct,blade duct,combustionchamber,and
converging-divergingnozzle.Continuity,momentum, andenergyareappliedtocontrol
volumesaroundeachcomponent.Assumingtheflowt hroughthesystemissteady,
continuityinintegralformisgivenbelow.
(9)  0=⋅
CS
AdV

ρ
Neglectingbodyforces,themomentumrelationfora steadyflowisdefinedbythe
followingrelation.
(10)  ( )[ ] −⋅=
CS
ApdVAdV

ρ0
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ApplyingtheFirstLawofThermodynamicstoacontr olvolume,assumingsteadyflow,
withnoworkadded,andneglectinggravity,results intherelationgivenbelow.
(11)  AdVpVeq
CS

 ⋅


+
	




+=  2
2
ρ
Therotor-headsupplyductprovidestheflowpathf romthegassourcetotherotor
hub.Theremaybevaryingcrosssectionalareasan dshapes,baffles,turns,andother
geometricfeaturesdictatedbythelayoutoftheen gines,airframe,androtor.
Relationshipsforthefrictionallossesfortheset ypesofductconfigurationsappliedto
reactiondriverotorshavebeeninvestigatedbyHen ry(1953),Hall(1995),andTai(1998).
Equations(9)and(11)areappliedtoaductsectio n,showninFigure15,assuminga
constantcrosssectionductthatwithadiabatic,in compressible,andfullydeveloped
laminarflow.
(12)  ( )
ρ
12
12
pp
ee
−
=−
Thetermsonthelefthandsideofequation(12)re presentstheirreversibleconversionof
energyfrommechanicalenergytothermalenergy,or headloss.Thepressuredifference
betweenstation1andstation2forlaminarflowis definedbythefollowingrelationship.
(13)
d
V
d
lpp µ3212 =−
Equation(13)issubstitutedintoequation(12),re sultingintheheadlossrelation.
(14)
2Re
64 2V
d
lhl =
Theheadlossforturbulentflowisempiricallybas ed,resultinginthefollowingdefinition
[FoxandMcDonald,1998].
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(15)
2
2V
d
lfhl =
Forturbulentflows,thefrictionfactor, f,canbefoundintheworkbyMoody(1944).An
empiricalcorrectiontoequations(14)and(15)app liedtothebendductsectionrelate dl
to drd ,presentedinFigure15b[FoxandMcDonald,1998].
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Figure15:StraightandBendDuctSectionSchematics
TemperatureandpressureasfunctionsofMachnumbe rattheentranceandexitare
determinedbyassumingtheflowisanidealgas,is entropic,andconstant-specific-heat;
resultinginthefollowingtworelationships.
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Themassflowrateoftheairthroughtheductisr elatedtotheflowareaforanisentropic
idealgaswithconstant-specific-heatthroughther elationshipbelow.
(18)
( ) ( )[ ]121
2
2
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γγγγ M
TR
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ogas
o


Therotatingductwithintherotorbladedeliversa irfromtherotorhubtothebladetip.
Theheadlossforrotatingduct,showninFigure16 ,iscomputedusingequations(14)and
(15).Equation(11)canbeappliedtothecontrol volumeinarotatingreferenceframe,
giventhefollowingrelationship.
(19)  ( ) AdVprVeq
CS

 ⋅



+
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ρ
Theterm, ( ) 22rΩ ,isthekineticenergyaddedtothefluidduetot herotation;whichis
typicallyreferredtoascentrifugalpumping.Appl yingequation(9)and(19)tothe
controlvolumeinFigure16assumingadiabatic,inc ompressible,andfullydeveloped
flowresultsinthefollowingrelation.
(20)  ( ) lhpprr −−+−Ω= ρ 12
2
1
2
2
2
2
0
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Figure16:RotatingDuctSchematic
Thecombustionchamberaddsthermalenergytothea irflowbymixingand
combustingfuel.Thisisanalogoustoanafterburn eronaturbineengineandisthe
sourceforthename“tipjet”thatmaybereferred towhendiscussingreactiondriverotor
configurations.Equations(9)and(11)appliedto thecontrolvolumeinFigure17foran
idealgaswithconstantspecificheatresultsinth efollowingrelation.
(21)  ( )12 TTcmLHVm pairfuel −= 
Thefuel-to-airratioisdefinedasthefuelflowr atedividedbytheairflowrate.
(22)
air
fuel
m
mfar


=
Theratiooffuel-to-airratiotostoichiometricfu el-to-airratio,orequivalenceratiois
definedbythefollowingrelationship.
(23)
stfar
far
=Φ
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Figure17:CombustionChamberSchematic
Thefinalcomponenttothereactiondrivesystemis aconverging-divergingnozzle
wherethehotgasisexpandedintotheatmosphere, convertingthermalenergyintokinetic
energy;therebyproducingthrust.Equation(11)ap pliedtothecontrolvolumeinFigure
18foranidealgaswithconstantspecificheatres ultsinthefollowingrelation.
(24)
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Equation(24)isrewrittenusingthedefinitionof flowworkandenthalpyprovidedby
CengelandBoles(1998).
(25)
2
2
2
2
1
12
VVhh −=−
Thenozzlethroatarea,assumingsonicconditions, isdefinedbelow.
(26)
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Thenozzleexitareaisthengivenbythefollowing relationship.
(27)
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Thethrustoftherotatingnozzleisdefinedbythe followingrelation.
(28)  ( )222 rVmFN Ω−= 
Theterm, 2rmΩ−  ,istheforceimpartedontherotoratthenozzle radiallocationdueto
theaccelerationofthegasfromthefixedtother otatingreferenceframe.
1 2
Flow
Throat

Figure18:Converging-DivergingNozzleSchematic
3.3 EjectorNozzleThermodynamics
Theejectormaybeseparatedintofourflowelement sandthreegeometric
components.Thefourflowelementsaretheprimary andsecondaryflows,mixing
regime,andejectorexhaustflow.Thethreegeomet riccomponentsoftheejectorconsist
ofaprimarynozzle,secondaryinlets,andejector shroud.Athermodynamic
representationofthissystemissubdividedintoth reecomponents;secondaryinlets,
primarynozzle,andejectorexitnozzle.
Thesecondaryinletsprovideaflowpathfromthef reestreamtothemixingplaneand
typicallydiffusetheflowtoaspecifiedvelocity. Theprimarynozzleisassumedtobe
convergent-divergent,resultinginsupersonicflow. Theejectorexitgasmassflowrate,
showninFigure19,willbeasumofprimaryandse condarygasmassflowrates;
representedbythefollowingformofthecontinuity equation.
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(29)  211 mmm SP  =+
Thestaticpressureofthesecondaryandprimaryfl owisassumedtobeequalatthe
mixingplane.Similarly,themomentumrelation,eq uation(10),appliedtothecontrol
volumeshowninFigure19,assumingidealgasandu niformpressure,temperatureand
velocitydistributions,reducestothefollowingre lationship.
(30)  ( )[ ] ( )[ ] ( )[ ] ( )[ ]2111 ApVmApVmApVmApVm PSlSu +=+++++ 
Thesubscripts uand l denotetheupperandlowersecondaryflows,which areassumedto
beasymmetricforthisejectorapplication.Equati on(11)appliedtothecontrolvolume
showninFigure19,assumingadiabaticandsubsonic exitflow,inadditiontothoselisted
above,givesthefollowingrelation.
(31)
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Figure19showsasimplifiedschematicwithparalle lshroudwalls.Theejectorexitarea
isavariableusedtoclosethecontinuity,momentu m,andenergyrelationsabove.
Therefore,theejectorshroudwallsmaynotbepara llel,asdepicted.
21
Primary(1P)
LowerSecondary(1S l)
UpperSecondary(1S u)
Uniform
Exit Flow
MixingSection
AMixing






Figure19:EjectorNozzleSchematic
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Amajorassumptionisthatthesecondaryandprimar yflowsarefullymixedatthe
ejectorexit.Thisassumptionisnecessarytoclos eequations(9),(10),and(11)forthe
controlvolumeinFigure19.Therealityofthisp roblemisthattherewillnotbe
sufficientlengthtocompletelymixtheprimaryand secondaryflows.Toaccountfor
non-idealmixing,anempiricalrelationshiprelatin gthepartiallymixedthrusttothefully
mixedandunmixedidealthrustisimplemented[Nord strom etal .,1975].
(32)  ( ) mixunjetmixunjetmixfulljetmeparjet FNFNFNfFN −−− +−= ,,,,
Theterm, fme,isdefinedasthemixingeffectivenessandistak enfromcurveshownin
Figure20.Themixingeffectivenessisempirically relatedtotheprimarynozzle
geometry(perimeterandequivalentdiameter)andth eejectorshroudlength.Theprimary
nozzleusedforthisempiricalrelationisfluted, andthereforetheperimeter, P,ismuch
greaterthanarectangularnozzle.Additionally,t heflutesacttoenhancethemixing
betweenthehighandlowspeedflows.
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Figure20:EmpiricalMixingEffectiveness[Nordstrom etal .,1975]
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3.4 ComputationalFluidDynamics
Thethreefundamentalequationsgoverningtheflow propertiesofafluidarethe
continuityequation,momentumequation,andenergy equation.Computationalfluid
dynamicsisbasedonthesegoverningequationsappl iedacrossasmallfluidelementor
finitevolume.
Thecontinuityequationistheresultofapplyingt heconservationofmassprincipleto
afinitevolume.
(33)  ( ) 0=⋅∇+
∂
∂ V
t

ρρ
Thegradient, ∇,representsthemaximummagnitudeanddirectionof therateofchange
atagivenpointandwritteninCartesiancoordinat esresultsintherelationgivenbelow.
(34)  k
z
j
y
i
x ∂
∂
+
∂
∂
+
∂
∂
=∇
Themomentumequationrepresentsthephysicalprinc iplethatforceequalsthetime
ratechangeofmomentum,whichiscommonlyreferred toasNewton’ssecondlaw.The
forcesactingonasmallfluidelementconsistofs urfaceforcesthataretheresultof
viscousstressandpressureandbodyforcesthatin cludegravitational,electromagnetic,
Coriolis,andcentrifugal.Neglectingalloftheb odyforceswiththeexceptionofgravity,
themomentumequationmaybewrittenintheformgi venbelow.
(35)  ( )



⋅∇+
∂
∂
=∇+ VV
t
Vg


 ρτρ
Theterm, τ ,representstheviscousnormalandshearstresses onthesmallfluidelement
andisreferredtoastheviscousstresstensor.
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ForaNewtonianfluid,theviscousstressesarelin earlyproportionaltotheratesofstrain
andcanbewrittenintermsofthefluidvelocityg radientsandfluidproperties.In
addition,thefluidisassumedtobeisotropic,whe rethebulkviscosity, µλ 32+ ,is
equaltozero.Theviscousstressesarethendefin edbythefollowingrelations.
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Withthedefinitionspresentedinequation(37),eq uation(35)iswrittenastheNavier-
StokesequationsinCartesiancoordinates.
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Formanyaerodynamicapplications,thefluid,air, maybeassumedtobeaperfectgas.
Thetemperature,pressureanddensityarethenrela tedbytheequationofstate.
(39)  TRp gasρ=
Thegastemperatureisincludedasanindependentv ariable,requiringthefirstlawof
thermodynamicsintheformoftheenergyequationt obeincludedintheformulation.
Theenergyequationisarepresentationofthefund amentalphysicalprinciplewhere
energycanbeneithercreatednordestroyed,onlyc onvertedfromoneformtoanother.
Thisrelationshipappliedtoafluidelement,negle ctingvolumetricheating,isgivenby
thefollowingequation.
(40)  ( ) ( ) VVpqVEE
t



τρρ ⋅∇+⋅∇−−∇=⋅∇+
∂
∂

Thetotalenergyincreaseinsidethefluidelement isrepresentedbythefollowingrelation.
(41)  ( ) ghwvueE −+++= 222
2
1

Theinternalenergyforaperfectgasisrelatedto thegastemperaturethroughthespecific
heatatconstantvolume.
(42)  dTce v=
Theheatflux, q ,isrelatedtothegastemperaturethroughFourier ’slawofconduction.
(43)  Tkq ∇−=
Substitutingequations(36),(37),(41),(42),and (43)resultsinthefollowingformofthe
energyequation,writteninCartesiancoordinates.
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Themechanicalenergyisrepresentedbythedotpro ductofthemomentumequationand
thevelocityvector.
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Expandingequation(45)andapplyingthechainrule givesthefollowingrelation.
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Subtractingthemechanicalenergyfromthetotalen ergyresultsinthethermalenergy
equation.
(47)
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Equations(33),(38),(39),and(47)arethesetof sixequationsintermsofsixunknowns
thatmathematicallyrepresentthebehaviorofaflu idwithrespecttoaCartesian
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coordinatereferenceframe.Theseequationscanbe furthersimplifiedbywritingthemin
thefollowingvectorform.
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Equation(48)orderstheflowvariablesbyconserva tive,flux,andbody;givenbythe
followingsetofrelationships.
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(53)
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3.4.1  ReynoldsAveraging
TheNavier-Stokesequationsmaybesolvedbydirect numericalsimulation(DNS).
However,thisapproachrequiresafineenoughmesh tocapturethesmallestspatialand
temporalscalesrequiredbythefluidproblematha nd.Amorecommonapproachto
modelflowoverawiderangeofconditionsistous etheReynolds-averagedNavier-
Stokesequations(RANS),whicharetimeaveragedvi scousequationsforthemotionof
turbulentflows.TheReynoldsaveragedNavier-Stok esequations,orRANS,arearrived
atbydecomposingthedependantvariablesintomean andfluctuatingcomponents.
(54)  TTTpPpvUV θθ ′+=′+=′+= ,,



Theeffectsofthefluctuatingdensityarenegligib le,whiletheeffectsofthemeandensity
arenot[Bradshaw etal .,1981;Tannehill etal .,1997].Thefluctuatingkineticenergy
dissipationresultsinsmalltemperaturerises,whi chmaybeneglectedwhenmodelingthe
eddyviscosityofhighReynoldsnumberflows[Krist  etal .,1998].Substitutingtheterms
fromequation(54)intoequations(49)through(53) resultsinthefollowingrelationships;
writteninCartesiancoordinates.
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3.4.2  CoordinateTransformation
TransformingtheNavier-Stokesequationsintoagen eralized,body-fitted,curvilinear
coordinatesystemallowstheformulationtobeinde pendentofthebodygeometry.This
coordinatesystemallowsforstandarddifferencing schemesofthespatialderivativesand
astraightforwardapplicationofthethin-layerap proximation.Thegeneralized
coordinatetransformationisdefinedbythefollowi ngrelation.
 51
(60)
( )
( )
( )tzyx
tzyx
tzyx
,,,
,,,
,,,
ζζ
ηη
ξξ
=
=
=

ThetransformationJacobianobtainedthroughthech ainruleformulti-variablefunctions
isgivenbythefollowingrelationship[Vinokur,19 74].
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ThetermsintheJacobianareshorthandforpartial derivatives,i.e. ξξ ∂∂= xx ,etc…The
transformationmetricsarewrittenbelow.
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ThetransformationJacobianrepresentstheinverse ofthelocalgridcellvolume,while
themetricsrepresentthegridcellareaprojection s.Combined,theygiveanindicationof
thequalityofthegrid.Applyingthetransformati ontotheNavier-Stokesequations,
resultsinthefollowingrelation.
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Thetransformedconservativeflowvariableandflux vectorsaregivenbythefollowing
relationships.
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Thetransformedvelocity,conduction,andstresses aregivenbythefollowingrelations.
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3.4.3  Thin-LayerApproximation
Formanyaerodynamicproblemstheratioofinertia forcestoviscousforces,or
Reynoldsnumber,ishigh.Thisallowsfortheassu mptionthattheviscouseffectsare
predominantnearthesurfaceofabodyandinthew akeofthebody,includingshedand
trailingvortices.Concentratinggridpointsinth eseregionsresultsinafinegridspacing
normaltothesurface,butarelativelycoursegrid spacingtangentiallyalongthesurface.
Resolvingtheviscouseffectstangentiallyoverthe bodysurfacerequireslargegridsthat
arelimitedbycomputationalpowerandtime.Visco useffectsforhighReynoldsnumber
flowsaretypicallygreaterinthenormaldirection ,therebyjustifyingtheassumptionthat
theyarenegligibleinthetangentialdirections. Theviscoustermsinequation(52)canbe
separated,resultinginthefollowingrelationship.
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Applyingthethin-layerapproximationtoequation( 71)retainsonlytheviscoustermsin
thenormaldirection.
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Theviscousstresscomponent, vH

ˆ
,isgivenbythefollowingrelation.
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Thecoefficientsinequation(73)aredefinedbelow .
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3.4.4  TurbulenceModeling
TimeaveragingtheNavier-Stokesequationscreates additionalunknowns,resultingin
aclosureproblem.Theturbulencemodelisthenus edtosupplementtheexistingsetof
equations,therebybalancingthenumberunknownswi ththenumberofequations
[Wilcox,1994].Reynoldsaveragingreducesthenum berofgridpointstoresolve
turbulentflows,greatlydecreasingthecomputation altimerequiredtosolvetheflow
problem.
Therearemanyturbulencemodelsavailablethatpre dictturbulentfluidmotion,
rangingfromalgebraictohigherorderdifferential field-equations.Allofthese
approachesrequiretheturbulentmomentumfluxand turbulentenergyfluxtoberesolved
througheitheralgebraicrelationshipsornumerical lysolvingthetransportequations
[Hunt,1999].Theturbulentmomentumfluxisgiven bythefollowingrelation.
(75)  jiij uuρτ −=′
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Equation(75)isreferredtoastheReynoldsstress tensorandrepresentstheapparent
stressesonthefluidelementthatarenotaresult ofthethermodynamicpressureor
viscousstresses[Hinze,1975].TheBoussinesqass umption,whichrelatestheturbulent
stressestotherateofmeanstrainthroughaneddy viscosity,reducesthenumberof
unknownsrequiredtoresolvetheReynoldsstresste nsorfromsixtotwo.
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Equation(76)requiresresolutionoftheeddyvisco sityandturbulentkineticenergyin
ordertosolvetheReynoldsaveragedNavier-Stokes equations.Theturbulentenergyflux
maybeapproximatedusingtheturbulentPrandtlnum berandtheReynoldsanalogy,
givenbythefollowingrelation.
(77)
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TheturbulentPrandtlnumber, TPr ,istheratioofthemomentumeddydiffusivitya ndthe
heattransfereddydiffusivityandisequalto0.9 forthisapplicationoftheReynolds
averagedNavier-Stokesequations[Krist etal .,1998].Theselectionofaturbulence
modelissomewhatdependantontheflowphenomenaf oragivenproblem.Duetothe
uniquenessoftheproblempresentedinthisresearc h,severalturbulencemodelsare
investigated.
3.4.4.1 Abidk-EpsilonModel
Thek- εturbulencemodelisbuiltontwotransportvariabl es:theturbulentkinetic
energy, k,andturbulentdissipation, ε,allowingforconvectionanddiffusionofturbulen t
 56
energytobemodeled.TheAbidk-Epsilonturbulenc emodelcanisdescribedbythe
followingrelationshipfortheeddyviscosity.
(78)
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Theturbulencekineticenergyisdefinedbythefol lowingrelation.
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Theturbulentdissipationrateisthendescribedbe low.
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Theproductiontermsfromequations(79)and(80)a redefinedbythefollowingrelations.
(81)  22
1
Ω=Ω= TTk k
CPP µεµ εε
TheturbulencemodelcoefficientsrequiredbytheA bidk-Epsilonturbulencemodelare
describedbelow.
(82)  4.10.1,09.0,83.1,45.1 21 ===== εµεε σσ kCCC
3.4.4.2 Spalart-AllmarasModel
TheSpalart-Allmarasturbulencemodelsolvestheed dyviscositythroughasingle
fieldequation,describedbelow.
(83)
`1
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vT fvρµ =
Theterm vˆ isthevariableinthefollowingfieldequation.
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Themeanstrainrateandmeanvorticitytensorsare givenbythefollowingrelations.
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Thefactorsandassociatedcoefficientsaredefined inequations(86)and(87)
respectively.
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Theterm disdefinedasthedistancetotheclosestwall.
3.4.4.3 Wilcoxk-OmegaModel
TheWilcoxk-Omegaturbulencemodelusestwotransp ortequations,onedescribing
theturbulentkineticenergyandonerelatingthet urbulentvorticitymagnitude.
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Theeddyviscosityisthenrelatedtotheturbulent kineticenergyandturbulentvorticity
magnitudebythefollowingrelation.
(90)
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Theproductiontermsfromequations(88)and(89)a regivenbelow.
(91)  22 Ω=Ω= γρµ ωPP Tk
Thecoefficientsarethendefinedbythefollowing relations.
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3.4.4.4 Menter’sk-OmegaSSTModel
TheMenterk-OmegaShearStressTransport(SST)tur bulencemodelusestwo
transportequations,wherethenearwallregionuse sak-Omegaformulationandthefar
wallregionusesak-Epsilonformulation.Ablendi ngfunctionisusedtotransition
betweentheformulations.Theturbulentkineticen ergyandtheturbulentvorticity
magnitudearegivenbythefollowingrelationships.
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Theeddyviscosityisthenrelatedtotheturbulent kineticenergyandturbulentvorticity
magnitudebythefollowingfunction.
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Theproductiontermsfromequations(93)and(94)a redefinedbelow.
(96)  22 Ω=Ω= γρµ ωPP Tk
Thesetofconstantsarecalculatedfromthesets 1φ and 2φ ,wherethesetsarerelatedby
thefollowingblendingrelationship.
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Theconstantsarethendefinedbythefollowingrel ations.
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Again,theterm disdefinedasthedistancetotheclosestwall.
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CHAPTER4 
4.0VALIDATIONANDVERIFICATION
Validationstudiesareperformedtocomparetheana lyticalmodelspresentedinthis
researchtoexperimentaldatainordertodetermine themodelpredictionfitness,andthe
appropriategriddensityandturbulencemodelforC FD.Thefirstvalidationstudy
comparestheprescribedvortexwakemodelusedtop redicttherotoraerodynamicsin
hovertothebenchmarkexperimentalstudyperformed byCaradonnaandTung(1981).
ThesecondvalidationstudycomparesaCFDmodelof anejectorflowintwodimensions
againstanexperimentalstudyperformedbyGilbert andHill(1973).Thefinalvalidation
studycomparesathree-dimensionalCFDmodelofah overingrotor,again,tothe
experimentalstudyperformedbyCaradonnaandTung (1981).
TheCFDtoolusedinthisstudyisCFL3D;aReynold s-Averagedthin-layerNavier-
Stokesmulti-blockflowsolverforstructuredgrids withparallelprocessingcapabilities.
Asemi-discretefinite-volumeapproachisusedfor spatialdiscretization,withup-wind
biasingforconvectiveandpressureterms.Acentr aldifferencingapproachis
implementedforshearstressterms,andimplicitti meadvancementisusedforsteadyand
unsteadyflows.Ahandfulofturbulencemodelsar eincluded,rangingfromzero-
equationtotwo-equation[Krist etal .,1998].Multigridconvergenceaccelerationisal so
available;requiringgriddimensionssuchthatwhen everyothergridpointisremoved,
thedimensionsstillmaintainanintegervalue.
Thefirstvalidationstudyiscarriedouttoadjust thebladeelement,prescribedvortex
wakemodelparameterstoachieveagoodprediction forthethrustandpowergenerated
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bytherotor.Thesecondvalidationstudyallowsf orfinetuningtheCFDmodel
parametersforejectorflowsintwodimensions.Th ethirdvalidationstudyisconducted
todeterminetheCFDmodelparametersandgridtopo logyforathree-dimensionalmodel
ofahoveringrotor.
4.1 BladeElementRotorAerodynamicModel
Theexperimentalstudyselectedtocomparetheblad eelement,prescribedvortex
wakerotoraerodynamicmodelwasperformedbyCarad onnaandTung(1981).Chord-
wisepressuremeasurementsweremadeatseveralrad iallocations.Thepressuredata
werethenintegratedtogivetheradialloaddistri bution.Fromtheloaddistribution,the
rotorthrustwascomputedbyintegratingalongthe radialdirection.Abladeelement
rotoraerodynamicformulationcannotpredictthepr essuredistributionsoverarotorblade
surface.However,liftanddragareavailablethro ughempiricalcoefficientsthatare
dependentontheairfoilshape,angleofattack,fr eestreamMachnumber,andReynolds
number.
4.1.1  RotorDefinitionandModelParameters
Therotorconsideredinthisvalidationstudyhasa lowaspectratioandrigidblades.
Thebladeplanformcontainsnotwistortaperdistr ibutionsandaNACAseries,12%
thick,symmetricairfoil.Thereareseveraloperat ingspeedsandcollectivepitchangles
available.Thehighestcollectivepitchangleand amoderatetipspeedareselectedfor
comparison.Thebasicmodelrotorparametersarep resentedinTable1.
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Table1:ModelRotorDefinition
Radius(ft) 3.75
MeanChord(ft) 0.5
RootCutout(ft) 0.75
NumberofBlades 2
RotorRPM 1250
TipSpeed(ft/s) 491
Collective(deg) 12
Twist None
Taper None
Airfoil NACA0012

Thereareseveralparametersthatmaybeadjustedw ithinthebladeelement,
prescribedvortexwakerotormodeltoachievethed esiredresults.Thefirstparameteris
thenumberofelementsalongtheradialdirectiono ftheblade.Thiscontrolsthe
coarsenessoftheradialintegrationofliftanddr agfortheassociatedrotorthrustand
power.Itisdesirabletohavealargenumberofb ladeelements;however,the
computationaltimeincreasesalongwiththenumber ofelements.Thesecondmodel
parameteristhenumberofwakeincrementsbetween thetrailingedgeofthebladeand
theendoftherotorwakestructure.Ingeneral,t hemorewakepointsthatareavailable,
thebetterthemodelapproximatesahoveringrotor. Thethirdmodelparameteristhe
maximumageofthewake,whichdeterminestheendo ftherotorwakestructure.The
contributiontotheinducedvelocityattherotorb ladefromthevortexfilamentis
inverselyproportionaltothesquareofitsdistanc etotheblade.Therefore,theeffectsof
increasingthemaximumageafter10rotationsofth erotorwillbesmall.Thefinalmodel
parameteristhewakecontractioncoefficient.Thi sparameterhasthegreatesteffecton
theradialloaddistribution,mostnotablyoverthe bladetipregion.Asummaryofthe
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parametersusedinthebladeelement,prescribedvo rtexwakerotormodelispresentedin
Table2.
Table2:RotorAerodynamicModelParameters
NumberofBladeElements 60
NumberofVortexWakeFilaments 220
MaximumWakeAge(Degrees) 3600
WakeContractionCoefficient 0.87
4.1.2  RotorAerodynamicModelValidation
Theradialloaddistributionprovidesagoodcompar isonbenchmarkforahovering
rotorandisshowninFigure21.Thenon-uniformt rendintheradialloaddistribution
predictedbythebladeelement,prescribedvortexw akerotormodelshowsgood
agreementtotheexperimentaldata.Thethrustpro ducedbytherotor,determinedby
integratingtheliftalongtheradialdirectionof theblade,iscomparedtotheexperimental
valueinTable3incoefficientform.Thepowerco nsumedbytherotorisnotavailable
fromtheexperimentalstudy.However,thepredicte dvalueispresentedinTable3for
completeness.Tung etal .(1981)analyticallycomputedtherotorthrustand power,
whichisalsotabulatedforcomparativepurposes. Thethrustpredictedbytheblade
element,prescribedvortexwakerotormodelshowsg oodagreementtotheexperimental
valueandtotheanalyticalpredictionsmadebythe liftingsurfaceformulationusedby
Tungetal .(1981).
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Figure21:RadialLiftCoefficientDistributionComparison
Table3:RotorThrustComparison
 CT C P
Experiment[CaradonnaandTung,1981] 7.90E-03  -
PrescribedVortexWakeModel 8.14E-03  1.05E-03
AnalyticalModel[Tung etal .,1981] 8.30E-03  9.58E-04
Error(%) 3.04% -
4.1.3  Conclusion
Overall,thebladeelement,prescribedvortexwake rotoraerodynamicmodelshows
goodagreementtheexperimentalstudyconductedby CaradonnaandTung(1981).
Whilethisrotoraerodynamicformulationcannotcap turethefullphysicsoftherotary
wingejector,itiswellsuitedforfirstordercal culations.Appropriatecorrectionstothe
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empiricalliftanddragcoefficientsarerequiredt oaccountforthegeometryandhigh
speedexhaustflowoftheejectornozzle.
4.2 Two-DimensionalEjectorFlow
Theejectorexperimentselectedtocorrelatethetw o-dimensionalCFDmodelwas
conductedbyGilbertandHill(1973).Theejector configurationincludesahighaspect
ratiorectangularnozzleenclosedbyaductwitha bellmouthinletandexhaustdiffuser.
Thisexperimentalejectorstudyisselectedforthe largevolumeofdataavailable,
especiallytraversedatainthemixingsection.Tw o-dimensionalapproximationscanbe
madewiththeturbulentshearlayerbeingtheprima rymechanismforthemixingofthe
highspeedflowandlowspeedflowwithintheeject or.Additionally,theflowisassumed
tobesteady-state.Severalturbulencemodelsare appliedtodeterminewhichis
appropriate;including:k-Epsilon,Spalart-Allmaras ,k-Omega,andMenterSST.
4.2.1  ComputationalGridandBoundaryConditions
ThecomputationalgridisgeneratedusingGridgen ®andispresentedinFigure22,
witheveryfourthpointshownforclarity.Thegri dcontains93,144nodes,with60,258
nodesusedforthemixingsection.Thegridisspl itintofourblocks;withthefirsttwo
blocksassignedastheupperandlowerinletsectio nsuptotheprimarynozzleexhaust.
Thethirdblockistheconvergentnozzleandthefo urthblockcontainsthemixingsection,
fromtheprimarynozzledischargetotheejectorou tlet.Eachblockismultigridableto
fourcoarsenesslevelstoacceleratemodelconverge nce.Additionally,theblocksaresplit
intosmallerequalsizedblockstotakeadvantageo fparallelprocessing.
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Figure22:Two-DimensionalEjectorGrid
Thehighspeedflowexhaustingfromthenozzlewill drawtheambientairintothe
ejector.Thisfluidentrainmentresultsinaposit iveflowattheentranceofthebellmouth.
Theboundaryconditionatthislocationisassumed tobeaninflow.Theejectorexhaust
pressureratioissubsequentlyadjustedtomatchth emeasuredmassflowrate.Thewalls
areassumedtobeadiabaticwiththeno-slipcondit ion.Additionally,theejectorisnot
movingwithrespecttotheambientair.Therefore, thesecondaryinletflowconditions
areequaltothestaticvalues.Asummaryofthev aluesfortheinflowandoutflow
boundaryconditionsarepresentedinTable4.
Table4:Two-DimensionalEjectorBoundaryConditions
 P/P∞  T/T ∞  P ∞  (lb/ft2) T∞  (R)
Inlet 1.00 1.00 2131.20 547.00
Nozzle 2.42 1.19 2131.20 547.00
Outlet 1.06 1.00 2131.20 547.00
4.2.2  Two-DimensionalModelValidation
TheexperimentconductedbyGilbertandHill(1973) producedalargeamountof
datafortheejectornozzle.Thedatausedforcor relationpurposesincludesthemassflow
rates,velocitytraversedata,andtheshroudwall pressuredistribution.Thegrid
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convergenceforthismodelisdeterminedbycompari ngthemassflowrateattheejector
exitplaneforvaryinggridcoarsenesslevels.Ac omparisonofthemassflowrate
computedonmultiplegridlevelsispresentedinTa ble5usingMenter’sSSTturbulence
model.
Table5:MassFlowRateComparison
ComputedMassFlowRate(lb/s)

Experimental
MassFlowRate
(lb/s) CoarseGrid
Medium
Grid
Fine
Grid
Richardson
Extrapolation
%Error
Inlet 2.77 3.17 2.74 2.74 2.74 0.85%
Nozzle 0.71 0.72 0.72 0.72 0.72 -1.42%
Outlet 3.47 3.89 3.45 3.45 3.45 0.52%

Table5showsaverygoodagreementbetweentheexp erimentalandcomputedejector
massflowrates,indicatingthatthefluidentrainm entprocessiscaptured.Boththe
extrapolatedandfinegridmassflowratesarewith in+ 1%oftheexperimentalvalues,
indicatinggoodgridconvergence.
GilbertandHill(1973)estimatedanuncertaintyin theexitmassflowrate
calculationsupwardsof+ 4%.TheerrorcomputedinTable5iswellwithint hatrange.
Theyreportedanerrorinthemassflowrateofthe primarynozzleof+ 1%,withan
estimatedincreaseinnozzleareaof0.33%whenpre ssurized.Theerrorintheprimary
massflowrateisslightlyovertheexperimentaler ror.Thiscouldbeeasilyresolved
throughasmallincreaseinthenozzlethroatarea; achievedbythinningthenozzlewalls
toaccountfortheincreaseinnozzleareaunderpr essure.
Theexperimentalvelocityprofiledatawascalculat edthroughtheisentropicrelations
forcompressibleflowsfromthemeasuredstaticand stagnationpressureandthe
stagnationtemperature.Sincethemassflowratei scomputedfromthetraversedata,the
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associateduncertaintyisassumedtobederiveddir ectlyfromthetransversedata
measurements[GilbertandHill,1973].Forbrevity ,thevelocityprofilecomparisonsare
onlyshownfortwotraversepositionsdownstreamof thenozzle.Figure23showsthe
velocityprofileat3inchesdownstreamoftheprim arynozzleandFigure24showsthe
velocityprofileat10.5inchesdownstreamofthep rimarynozzle.
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Figure23:VelocityProfiles3InchesDownstreamofthePrimaryNozz le
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Figure24:VelocityProfiles10.5InchesDownstreamofthePrimaryNoz zle
ItisapparentfromFigure23andFigure24thatth etrendsinthevelocityprofilesare
captured.Menter’sSSTandSpalart-Allmarasboths howgoodagreementwiththe
experimentaldata.Abidk-Epsilonunder-predictst hemixingbetweenthehighspeedand
lowspeedflows,indicatedbythehighpeakandlow spreadinthevelocityprofiles.
Wilcoxk-Omega,ontheotherhand,over-predictsth emixingcomparedtothe
experimentaldata,indicatedbythelowpeakandhi ghspreadinthevelocityprofiles.
Thestaticpressurewasmeasuredthroughpressurep ortsalongtheshroudwall,
downstreamofthenozzle.Thereisonlyasmaller rorassociatedwiththisexperimental
data,amountingtoapproximately0.4%[Gilbertand Hill,1973].Figure25showsthe
comparisonoftheshroudwallstaticpressurebetwe entheexperimentandtheCFD
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model.Thestaticpressuretrendiscapturedbyea choftheturbulencemodels,resulting
ingoodcorrelationforthisaspectofthemodeling .
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Figure25:ShroudWallStaticPressureComparison
4.2.3  Conclusion
Overall,theCFDmodelofthisejectorshowspromis e.Basedontheresults,the
Spalart-AllmarasandMenterk-OmegaSSTturbulence modelsgivebetteroverall
predictionofthetwo-dimensionalejectorflowcomp aredtotheotherturbulencemodels
tested.Spalart-Allmarasisaoneequationturbule ncemodelwhileMenter’sk-Omega
SSTisatwoequationturbulencemodel.Spalart-Al lmarasrequirestheleastcomputer
resourcesbetweenthetwoturbulencemodelsandis selectedforallofthesubsequent
CFDmodelingofejectorflows.
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4.3 HoveringRotor
Theexperimentalstudyselectedtocorrelateacomp utationalmodelofahovering
rotorwasperformedbyCaradonnaandTung(1981). Thistestservesasanexcellent
benchmarkandincludestherotorthrust,span-wise loading,bladesurfacepressure,and
rotorwakedata.Dataforavarietyofrotortips peedsandbladecollectivepitchangles
areavailableinthisexperimentalstudy.However, theconditionsselectedforthe
previouscomparisonarerepeatedforconsistency.
4.3.1  ComputationalGridandBoundaryConditions
ThecomputationalgridisgeneratedusingGridgen ®.Thegridisastructured,body
fitted,C-Htypegridwith ξ(i) alignedtothebladeradialdirection, (j)alignedalongthe
chord-wisedirection,and (k)alignedintheviscousdirectionnormaltothe surface,as
showninFigure26.Thecomputationalgridisgene ratedforonerotorbladeandcontains
24,606,063points,showninFigure27.Theboundar yconditionsforthisproblem,shown
inFigure27,consistofextrapolation,inflow/outf low,viscouswall,singularity,and
periodic.Anextrapolationboundaryconditionisa ssignedtotheinsideverticalgrid
boundariessurroundingtheaxisofrotation.Inflo w/outflowboundariesarelocated
aroundtheoutsidefar-field,andtheviscouswall boundaryconditionsareappliedtothe
rotorbladesurface.Thegridblockprotrudingin theradialdirectionawayfromtheblade
tipcontainstwogridsingularitiesthatrequireth esingularityboundarycondition.
Periodicboundaryconditionsareassignedtothegr idfacesperpendiculartotherotor
bladeatthehalfcylindricaldomaincut.Themode lrotorparametersthecomputational
gridisbasedonarepresentedinTable6.
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Rotorwaketrajectorydataareusedtoclusterthe gridpointstrailingfromtherotor
blade.Thispracticeprovidesreducednumericaldi ssipationofthetipvortex,improving
theoverallaccuracyofthemodel,whenthedataar eavailable.TheblockedC-grid
arrangementsurroundingtherotorbladeispresente dinFigure28.Thebladetipgrid
treatmentinpresentedinFigure29,consistingof twopolesattheleadingandtrailing
edge.Thiscreatesasharpcorneredbladetip,req uiringanadditionalblockthatprotrudes
fromthebladetiptothefar-field.
Themodelemploysanunsteadyformulationwiththe gridrotatingataconstantrate,
steppingincrementallybyonetenthofonedegreef oreachtimestep.Fivesub-iterations
areusedforthedualtimesteppingmethodtoachie vesecondordertemporalaccuracy.
TheSpalart-Allmarasturbulencemodelisselected, primarilytoreducethecomputational
costandtoimprovemodelstability.
i
j
k

Figure26:Three-DimensionalRotorComputationalGridOrientation
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Figure27:Three-DimensionalRotorComputationalGridDomain
Table6:Three-DimensionalCFDModelRotorParameters
Radius(ft) 3.75
MeanChord(ft) 0.5
RootCutout(ft) 0.75
RotorRPM 1250
Collective(deg) 12
Temperature(R) 519
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Figure28:Near-RotorBlockedC-GridArrangement
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Figure29:RotorBladeTipGridTreatment
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4.3.2  RotorModelValidation
TheexperimentconductedbyCaradonnaandTung(198 1)producedalargeamount
ofsurfacepressureandrotorwakedataforarange ofrotorspeedsandcollectivepitch
angles.Theprimarydatasetprovidedfromtheexp eriment,usedforCFDmodel
correlation,isthesurfacepressure;whichisthen integratedinthechord-wisedirectionat
severalradiallocationstogivethebladeloading distribution.Theoverallconvergenceof
theCFDmodelisdeterminedbythechangeintheme andragvalueovertime.The
model,distributedover32processors,isrunfor5 4,000timesteps;representing15full
rotationsoftheblade.Thetotalwalltimeforth esimulation,includingthreegrid
coarsenesslevels,is617hours,12minutes,and26 seconds.Themeandragcoefficient
historyispresentedinFigure30,showingdampedo scillatorybehavioroverthefirsttwo
thirdsandthenstabilizingoverthefinalthirdto avalueof0.117.Themeandrag
coefficientoverthethreegridcoarsenesslevelsi susedtoasymptoticallyextrapolatethe
infinitelyfinegridsolution.Table7showsthat thechangebetweenthethreegrid
coarsenesslevelsisrelativelysmall,whichindica tesgoodgridconvergence.
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Figure30:Three-DimensionalRotorCFDModelGlobalDragConvergenceHis tory

Table7:Three-DimensionalRotorCFDModelMeanDragGridConvergence
 Numberof
GridPoints
MeanDrag
Coefficient,C d
CoarseGrid 6,151,517 0.1300
MediumGrid 12,303,032 0.1170
FineGrid 24,606,063 0.1174
RichardsonExtrapolation - 0.1175

Thewakegeneratedbythehoveringrotorisvisuali zedintermsofcontoursof
constantMachnumberandpresentedinFigure31.T hetipvortexshowsalargedegree
ofdissipationafteritreachesonerevolution.Re finingthegridinthewakeregionshould
improvetheseresults.
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Figure31:FlowFieldContoursofConstantMachNumber
Thechord-wisepressuredistributionsareextracted fromsurfacegridandconserved
variabledataoutputfilesgeneratedbyCFL3D.The surfacepressureiscalculatedfrom
theconservedvariabledataateachgridpointont hebladesurfacebythefollowing
relation.
(100)  ( )( )21 22 Veap ργρ −−=
∞∞

Thesurfacepressureisthenconvertedtothecoeff icientformbelow.
(101)  ( )221 r
pp
cp
Ω
−
=
∞
ρ

Theresultingpressuredistributionsforseveralra diallocationsarecomparedtothe
experimentaldatainFigure32-Figure35.There sultsshowthattheCFDmodelhasa
tendencyforoverpredictingthebladesurfacepres sure,whichleadstohigherrotorthrust
estimates.
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Figure32:Chord-wisePressureDistributionat r/R of0.50
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Figure33:Chord-wisePressureDistributionat r/R of0.68
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Figure34:Chord-wisePressureDistributionat r/R of0.80
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Figure35:Chord-wisePressureDistributionat r/R of0.96
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Therotorbladeradialloaddistributionisdetermi nedfromthepressureandviscous
forcescomponentsactingoneachdiscretizedsegmen tofthebladesurface.Thepressure
forceactingonthesurfaceofasegmentisgivenb ythefollowingrelation.
(102)  ( ) ( ) ref
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Theviscousforceactingonthesamebladesegment isdefinedbythefollowingequation.
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Theliftanddragcoefficientsarethendetermined fromtheCartesianforcecomponents
resultingfromequations(102)and(103).
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Therotortorquecanthenbecomputedbysummingth eCartesianforcecomponents,
multipliedbytheradialdistance,alongtheblade.
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Thecomparisonoftheradialloaddistributionbetw eentheCFDmodelandthe
experimentalresultsisshowninFigure36.Thetr endoftheradialliftcoefficientshows
goodagreementwiththeexperimentalresultsoverm ostofthebladespan.Theincreased
loadingcomparedtotheexperimentaldataproduces alargervaluefortherotorthrustas
predictedbythechord-wisepressuredistributions. Ananalyticalstudyoftherotor
configuration,containinganestimateoftherotor power,isincludedforcomparative
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purposesandispresentedinTable8alongwiththe experimentalandCFDresults[Tung
etal .,1981].
0
0.2
0.4
0.6
0 0.2 0.4 0.6 0.8 1
Non-dimensionalRadialDistance
Li
ftC
o
ef
fic
ie
n
t,
Cl
Experiment[CaradonnaandTung,1981]
CFL3D

Figure36:RadialLiftCoefficientDistributionComparison
Table8:RotorThrustComparisonat12DegreesCollectivePitch
 CT C P
Experiment[CaradonnaandTung,1981] 7.90E-03 -
Analytical[Tung etal .,1981] 8.30E-03 9.58E-04
CFL3D 8.71E-03 1.19E-03
Difference(%) 10.25% -
4.3.3  Conclusion
Thecomputationalmodelofthehoveringrotorshows goodagreementwiththe
experimentalresultsgivenbyCaradonnaandTung(1 981)intermsofpredictingthe
radialpressuredistributionsandtheradialblade loaddistributiontrend.Theresulting
differenceinthepredictedrotortrustisaround1 0%higherthanthemeasuredvalue.The
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modelshowsanincreaseddissipationofthetipvor texafterawakeageof360degrees.
Increasingthegridpointsintherotorwakeisap ossiblesolutiontoimprovethemodel
accuracy.However,thecomputationtimeisalready veryhighforthissimulation,given
theavailablecomputerresources.
4.4 ChapterSummary
Threevalidationstudieswereperformedforthisre search.Thefirstvalidationstudy
comparesabladeelement,prescribedvortexwakero toraerodynamicmodelto
experimentaldata.Thisstudyallowedfortheappr opriatemodelparameterstobe
determined.Therotoraerodynamicmodelmaynowbe appliedtotherotarywingejector
sizingandperformancepredictionmethodspresented inthesubsequentchapter.The
secondvalidationstudyisacomparisonofaneject orflowusinga2Dmodelinorderto
determinethemodelpredictionfitness,appropriate griddensity,andturbulencemodel.
Theknowledgegainedfromthisstudyisappliedto thetwo-dimensionalCFDmodels
criticaltotherotarywingejectorsizingandperf ormancepredictionmethods.Thethird
validationstudycomparesathree-dimensionalmodel ofahoveringrotortoan
experimentalstudytodetermineCFL3D’sfitnessfor predictingthistypeofflow.The
experiencegainedinthisstudyaidinthegridgen erationandmodelexecutionofthe
morecomplicated3Drotarywingejectormodel.
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CHAPTER5 
5.0ROTARYWINGEJECTORSIZINGANDPERFORMANCE
PREDICTIONMETHODS
Areactiondriverotorwithanintegratedejector nozzleinvolvesthecoupled
disciplinesofthermodynamicsandaerodynamicstoc haracterizethecompletesystem.
Theejectornozzlegeometryisdependantontheava ilablevolumeatthetipoftherotor
bladeandthethrustrequiredbythedevice.Theg eometryandgasflowcharacteristicsin
turnaffecttheliftingcapabilityandpowerrequir ementsoftherotorforagivenflight
condition,whichdirectlytranslatebackintothee jectornozzlethrustrequirement.This
couplingisaddressedthroughafixedpointiterati veprocedureinordertodetermineboth
thesizeofthetipjetejectornozzleanditsperf ormanceforagivenrotorconfiguration.
5.1 RotaryWingEjectorNozzleSizing
Thefirststepinpredictingtheperformanceofar otarywingejectoristosizethe
ejectorgeometrybasedonagivenrotorconfigurati on.Thisrequirestheintegrationof
therotoraerodynamicmodel,reactiondrivethermod ynamicmodel,ejector
thermodynamicmodel,andtwo-dimensionalCFDmodel. Ahoveringrotorflight
conditionisassumedasthesizingpointforthero tarywingejector,whichistypicallythe
mostdemandingforarotorcraft.Abasicejectorl ayoutisselectedforthisstudy,with
upperandlowershroudstrailingaftofthebladet ipasshowninFigure37.
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Figure37:RotaryWingEjector2DGeometricandComputationalGridLayout
5.1.1  SizingAnalysisMethod
Thetwo-dimensionalgeometricconfigurationofthe rotarywingejectornozzle,
showninFigure37,allowsforthecomputationalgr idtobedividedintothreeprimary
blocks;aninnerC-grid,anouterC-grid,andanex haustgrid.Thegeometricdefinitionof
thisbladesectionisbasedona12%thick,symmetr ic,NACAfourseriesairfoil.Inorder
todeterminetheupperandlowerinletareas,mixin gsectionarea,andexitareaofthe
ejectornozzle,boththepositionoftheejectorsh roudalongchord-wisedirectionand
lengthoftheejectorshroudareassumedforthisr esearch.Inaddition,thechord-wise
lengthoftheejectorinletsandradial-wisewidth oftheejectorareassumed.
Therotarywingejectorsizingprocedurebeginswit hthebasicrotorparameters
presentedinTable9andsectionalliftanddragva luesfora12%thicksymmetricNACA
airfoil[Dadone,1976].Thesubsequentsizingiter ationsrelyontheliftanddrag
predictedusing2DCFDmodelingforthegeometricc onfigurationpresentedinFigure37.
Overallconvergenceisdeterminedbothgeometricall yandthermodynamicallythrough
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thechangeinflowareasandflowparameterswithin theejectornozzle.Toinitializethe
thermodynamicmodelwithinthesizingprocedurefor thisejectornozzle,afirstguess
assumestheupperandlowerinletpressure,tempera ture,andMachnumberareequalto
thefreestreamconditionsattherotorbladetip.
Table9:ModelRotorParameters
Radius(ft) 3.75
MeanChord(ft) 0.5
RootCutout(ft) 0.75
NumberofBlades 2
RotorRPM 1250
TipSpeed(ft/s) 491
LinearTwistRate(deg/ft) 0
TaperRatio 1

Theliftanddragofthebladetipsectionareused intherotoraerodynamicmodelto
predicttherequiredtorquetohoverandthesubseq uentejectornozzlethrustrequired.
Thereactiondriveandejectornozzlethermodynamic modelsbalancetheflowconditions
andareasneededtoproducethisrequirednozzleth rust.
Afterthefirstiterationandtheejectornozzlege ometrydefined,atwo-dimensional
computationalgridcanbegenerated.CFL3Disutil izedtocomputetheliftanddragover
arangeofanglesofattackandfreestreamMachnu mbers.DatacollectedfromtheCFD
modelsweepsarecompiledintoseveralformattedlo okuptables;providingupdatedlift
anddragcoefficientsfortherotoraerodynamicmod elandtheupperandlowerinletflow
conditionsforthereactiondriveandejectornozzl ethermodynamicmodels.Afterthe
ejectorsolutionhasbeenupdated,itiscomparedt otheprevioussolutiontodeterminethe
relativechangeintheejectorgeometryandflowco nditions.Theserelativechanges,or
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residuals,aretheprimarymetricsfordetermining convergence.Agraphical
representationoftherotarywingejectorsizingme thodispresentedinFigure38.
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Figure38:RotaryWingEjectorSizingProcedureFlowChart
5.1.2  Two-DimensionalCFDGridConvergence
The2Dstructuredgridgeneratedfortherotorblad etipjetejectorsection,shownin
Figure37witheveryfourthpointdisplayedforcla rity,contains841,854gridpointsand
ismultigridabletofourgridcoarsenesslevels.T hereareatotalof332DCFDmodels
runforeachiteration,representing11anglesofa ttackrangingfrom0degreesto10
degreesand3Machnumbersrangingfrom0.3to0.5. Forbrevity,asmallsampleof
thesemodelsisselectedtoexaminethe2DCFDmode lgridconvergenceusingthedrag
coefficientasametric.Theresultinggridconver genceispresentedinTable10.
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Table10:Two-DimensionalDragGridConvergence
DragCoefficient, Cd
Numberof
GridPoints
Mach0.3
AoA0deg
Mach0.4
AoA6deg
Mach0.5
AoA10
deg
CoarseGrid 210,464 0.088 0.039 0.175
MediumGrid 420,928 0.061 0.033 0.144
FineGrid 841,854 0.060 0.034 0.138
RichardsonExtrapolation - 0.060 0.034 0.137

5.1.3  GeometricandThermodynamicConvergence
Theconvergenceoftherotarywingejectorsizingp rocedureisdeterminedbythe
changeintheupperandlowerinletareasandeject orexitarea,andthechangein
continuity,momentum,andenergy.Thischange,or residual,isdefinedbythe
generalizedequationbelow.
(107)   


 −
=
+
j ij
ijij
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xx
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,
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Theterm xrepresentsthevectorofconvergencemetricsand i istheiterationnumber.
Aftereachiteration,thecurrentvaluesfortheej ectorareas,continuity,momentum,and
energyarecomparedtothevaluescomputedatthep reviousiterationusingequation
(107).Thereispresumedtobeatangibledifferen ceintherotorpowerrequiredbetween
acleanrotorandthereactiondriverotorwiththe ejectornozzle.Theejectornozzle
geometryandflowpropertiesarelinkedtotheroto rpowerthroughtheejectornozzle
thrustrequiredtoproducetherespectiverotorpow er.CFDestimatesoftheliftanddrag
oftheejectornozzle,locatedatthebladetip,ar eneededtopredicttherotorpowerfor
thisconfiguration.Thechangeinrotorpowerdue totheejectornozzlewillresultina
changeinejectorgeometryandflowconditionsrequ iredtomeetthepowerdemand.
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Figure39:SizingProcedureGeometricConvergenceHistory
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Figure40:SizingProcedureFlowPropertyResidualConvergenceHistor y
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Theconvergencecriterionfortherotarywingeject orsizingprocedureisatotalresidual,
definedasthesumoftheareas,continuity,moment um,andenergyresiduals,lessthanor
equalto10 -3.Thisisachievedafterteniterations,asshown inFigure39andFigure40.
Theconvergencecriterionrepresentslessthanfive hundredthofasquareinchinarea,
onedegreeRankine,andonethousandthofapoundo fairpersecond.Morestringent
convergencecanbeachievedwithincreasingnumber ofiterationsbeforeconvergence.
Thecurrentprocedureimplementsamanualgridgene rationforeachstep,resultingina
largeamountofeffortrequiredbytheuser.
Theconvergencecriteriafortherotoraerodynamic model,reactiondrive
thermodynamicmodel,andejectorthermodynamicmode lis10 -7.Theresultingsub-
iterationconvergenceforeachmodelovertheteni terationsisshowninFigure41.The
residualfortherotoraerodynamicmodelrepresents thechangeinthepowerrequiredas
therotorwakeinfluenceontherotorinflowiscom putedduringeachsub-iteration.The
reactiondrivethermodynamicmodelsub-iterationre sidualisafunctionofthefuelflow
tothecombustionchamber,whichissolvediterativ elybasedontheejectornozzlethrust
requirementateachiteration.Theejectorthermod ynamicmodelsub-iterationresidual
representsthenumericalconvergenceoftheNewton methodusedtosolvethesystemof
equationsfortheone-dimensionalcontrolvolumemo deloftheejector.
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Figure41:SizingProcedureSub-IterationConvergenceHistory
5.1.4  RotaryWingEjectorSolution
Oncethedesignpointiterationhascompleted,the bladetipandejectornozzle
geometryissized.Theresultingejectorparameter sarepresentedinTable11.The
entranceconditionsattheupperandlowersecondar yinletsarenotthesame,duetothe
ejectornozzleoperatingatapositiveangleofatt ack.Thisisevidentbythelower
secondaryinlethavingalargerareatoprovidethe samemassflowratewhencompared
totheuppersecondaryinlet.Flowoverthetopsu rfaceofanairfoilisaccelerated
comparedtotheflowoverthebottomsurfaceatpos itiveanglesofattack.Therefore,the
flowenteringthelowerinletisataslowerveloci tycomparedtotheupperinlet,requiring
alargerareaforafixedmassflowrate.Itisim portanttonotethatthelocalangleof
attackisnotuniformacrosstheinletoftheeject or,duetothenon-uniforminflow
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throughtherotordiskasaresultoftherotorwak e.Theejectorsecondaryinletflow
parametersappliedtothecontrolvolumeboundaries aretakenfromthecentersectionof
theejectornozzleintheradialdirectionandare functionsofthelocalangleofattackand
freestreamMachnumber.Theejectornozzleconsti tutesasmallpercentageoftherotor
radius,andtherefore,thevariationofthelocala ngleofattackovertheejectornozzleis
small.Additionally,therotorisassumedtobein hover,resultinginfairlysteadyinlet
conditionsaroundtherotorazimuth.Manyofthea ssumptionsusedforthisportionof
theresearchwillbreakdownwiththeuseofaforw ardflightsizingcondition.
Table11:RotaryWingEjectorSizingSummary
EjectorGeometry
UpperSecondaryInletArea(in 2) 0.35
LowerSecondaryInletArea(in 2) 0.37
PrimaryNozzleArea(in 2) 0.83
ExitArea(in 2) 1.79
MixingSectionL/D e 1.22
EjectorFlowParameters
PrimaryNozzleMassFlowRate(lb/s) 0.31
UpperSecondaryMassFlowRate(lb/s) 0.09
LowerSecondaryMassFlowRate(lb/s) 0.09
TotalMassFlowRate(lb/s) 0.49
ExitMachNumber 0.70
ExitVelocity(ft/s) 1165.33
ExitStagnationTemperature(R) 1282.88
EjectorNozzleThrust(lb) 16.98
ThrustAugmentationRatio( Φ) 0.97
RotorandTipJetParameters
PowerRequired(hp) 15.05
BladeCollective(deg) 12.00
FuelFlow-JP-8(gal/hr) 4.69
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Theejectornozzleistravelingthroughtheairat approximatelyMach0.4.The
forwardspeedeffecttendstoreducethethrustaug mentationratio,definedbythe
followingequation[Clark,1973].
(108)  NozzleimaryEjector FNFN _Pr=Φ
Thethrustaugmentationratioindicatestheamount ofenergytransferredfromthe
primarynozzlethrustgenerationtotheejectorflu identrainmentandtheassociatedram
drag.Thereductioninthrustgeneratedbytheeje ctornozzle,duetothistransferof
energyandincreaseddrag,requirestheadditionof energyfromtheprimarynozzle,in
thiscaseadditionalfuel,tomeettheejectornozz lethrustrequirementforthehovering
rotor.Additionally,theamountoffuelburnedin thecombustormodelneededtobe
increasedoverthevaluerequiredbythereactiond rivenozzlealone(withouttheejector)
inorderfortheejectorthermodynamicmodeltorea chafeasiblesolution.Infact,the
percentageofincreaseintheamountoffuelburned bytherotarywingejectormaybe
treatedasadesignvariableduetoitsinfluenceo nthefinalthermodynamicsolution.
 Acomparisonoftheradialloaddistributionispr esentedinFigure42.Therotary
wingejectorrotorshowsareducedamountoflifta longtheinboardsectionoftheblade
whencomparedtothemodelofacleanrotor.Apro nouncedincrease,followedbya
largedecreaseinliftispresentatthetipregion .Thediscontinuousdropintheliftisdue
tothemodeltransitioningfromtheairfoilsection totheejectorsection.Itis
undeterminedatthistimewhetherthisbehavioris purelytheresultoftherotor
aerodynamicmodel,orifithassomephysicalbasis .Figure43showsthatthelocalangle
ofattackoftheejectornozzlesectionoftheroto rbladeisnotgreaterthan5degrees,well
belowflowseparationduetostall.Again,thedis continuousbreakintheradial
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distributionofthelocalangleofattackindicates thechangefromthe12%thick
symmetricairfoilsectiontotheejectorsectionwi thintherotoraerodynamicmodel.
 Theincreaseddragofthetipjetejectornozzleb ladesection,showninFigure44,is
expectedduetothegeometryandejectorexhaust. Themaximumliftcoefficientis
slightlygreaterfortheejectorsection.Acloser inspectionoftheCFDresultsshows
somerecirculationoftheairfoiluppersurfacesep aratedflowintotheupperinletatthe
higheranglesofattack,showninFigure45.
Acomparisonofthethrustandpowerbetweenthero tarywingejectorandaclean
rotorispresentedinTable12.Theresultingroto rthrustcoefficientissignificantlyless
forthesamecollectivepitchangleandhasahighe rpowerrequirement.Trimmingthe
bladecollectivepitchangletomatchtherotorthr ustfurtherincreasesthepowerrequired
abovethebaselinerotorconfiguration,showninTa ble12.
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Figure45:Two-DimensionalCFDFlowVisualization
Table12:RotorThrustandPowerComparison
 Collective(deg)  CT C P
CleanRotor 12.00 8.14E-03 1.05E-03
RotaryWingEjector(2D) 12.00 6.87E-03 1.33E-03
RotaryWingEjector(2D) 13.33 8.14E-03 1.49E-03
ConstantCollectivePitchAngle(%) 0.00% -15.60% 2 6.67%
ConstantThrust(%) 9.94% 0.00% 41.62%
5.2 RotaryWingEjectorPerformance
Thethermodynamicmodelsofthereactiondriveand ejectornozzledevelopedabove
aremodifiedtocomputethethermodynamicflowprop ertiesforafixedgeometric
configuration.Thisallowsforthepredictionofp erformancecharacteristicsoftherotary
wingejectoratconditionsseparatefromthesizing point.Theoperatingconditionsfor
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thisperformancepredictionmethodareonlydependa ntonthecapabilityofrotor
aerodynamicmodelselected.Thecurrentstudyisf ocusedonahoveringrotormodel;
however,forwardflightcouldbeanalyzedbysimply replacingtherotoraerodynamic
model.
5.2.1  PerformancePredictionMethod
Offdesignreactiondriveandejectornozzlethermo dynamicmodelsaredevelopedto
predicttheperformanceforarangeofhoveringfli ghtconditions.CFL3Disusedina
similarfashiontotherotarywingejectorsizingp rocedurebycomputingthesectionalair
loadsandsecondaryinlettemperature,pressure,Ma chnumber,andmassflowrateas
functionsofangleofattackandfreestreamMachn umber.
Thehoveringrotormodelcomputestherequiredtorq ueforgivenrotorcollective
pitchanglesutilizingtheCFDgeneratedliftandd ragdatafortheejectornozzlesection
oftheblade.Thetorquerequiredisthenpassedt othereactiondriveandejectoroff
designthermodynamicmodels.Theprimarynozzlean dejectorexitareas,determinedby
thethermodynamicmodels,arethenusedtoupdatet he2Dcomputationalgridusedby
CFL3D.Thesectionalairloadsandthesecondaryi nletconditionsarerecomputedand
theassociatedlookuptablescontainingthesection alliftanddragareupdated.This
procedureisrepeatedtoaccountfortheeffectsof thechangeintheejectornozzlethrust,
andsubsequentexitareaandflowconditions.The rotarywingejectorperformance
predictionmethodallowsforvaryingrotorthrusts andflightaltitudesandtemperatures.
Agraphicalrepresentationoftheanalysismethodj ustdescribedispresentedinFigure
46.
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Figure46:RotaryWingEjectorPerformanceProcedureFlowChart
5.2.2  RotaryWingEjectorPerformanceTrends
Therotarywingejectorperformanceanalysis,shown inFigure46,isappliedtoa
rangeofrotorbladecollectivepitchanglesfrom8 to14degrees.Ateachcollectivepitch
angletheprimarynozzleflowconditionsarecomput edbasedontherotoraerodynamic
model,whichisdependantonthebladetipCFDpred ictedliftanddrag.Thebladetip
sectionalliftanddragisalsodependantontheno zzleflowconditions,thusrequiringan
iterativeprocedure.Aninitialrunforeachcolle ctivepitchangleisperformedusingthe
ejectorsectionalairloaddatafromthefinalsizi ngsolutionatacollectivepitchangleof
12degrees.TheCFDmodelsre-computetheejector sectionalliftanddragusingthe
updatedejectornozzlethermodynamicsolutionfort hecurrentcollectivepitchangle.
Thisprocedureisrepeatediterativelyuntilthere lativechangeinconvergencemetricsis
belowaresidualof5 -2.Thisconvergencecriterionishigherthanthato fthesizing
procedureprimarilyduetothelargenumberofCFD modelsrequiredfortherotorthrust
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sweep.Thereare33CFDmodelcasesperiteration foreachcollectivepitchangle,
resultinginasignificantamountofcomputational resourcesrequired.Thetotalwalltime
forfiveiterationsis512hours,22minutes,15se condssplitacross8processors.
Thecollectivepitchselectedforthesizingproced ureisrepeatedduringthe
performancesweeptocheckthattheperformancever sionofthemodelmatchesthe
sizingversionandispresentedinTable13.Thep erformanceversionoftherotarywing
ejectormodelshowsgoodagreementwiththesizing version.Thedifferencebetweenthe
initialiterationandthefinaliterationforther angeofcollectivepitchanglesisshownin
Figure47intermsoftheejectorexhaustflowtota lresidual,definedasthesumofthe
area,continuity,momentum,andenergyresiduals. Increasingthenumberofiterations
foreachcollectivepitchanglecaseswillimprove theoverallconvergence.The
maximumresidualof3%occursatthelowestcollect ivepitchangleanalyzed.Thisisa
relativelylowresidualandthereforetheincrease inmodelaccuracyistradedagainstthe
computationalcost.
Table13:RotaryWingEjectorSizingandPerformanceModelComparison

Sizing
Version
Performance
Version
Difference
(%)
EjectorFlowParameters
PrimaryNozzleMassFlowRate(lb/s) 0.31 0.31 -0.4 7%
UpperSecondaryMassFlowRate(lb/s) 0.09 0.09 0.6 6%
LowerSecondaryMassFlowRate(lb/s) 0.09 0.09 -0. 27%
TotalMassFlowRate(lb/s) 0.49 0.49 -0.43%
ExitMachNumber 0.70 0.70 -0.50%
ExitMeanVelocity(ft/s) 1165.33 1166.87 -0.13%
ExitStagnationTemperature(R) 1282.88 1279.97 0.2 3%
EjectorNozzleThrust(lb) 16.98 17.14 0.93%
RotorandTipJetParameters
PowerRequired(hp) 15.05 15.19 0.93%
BladeCollective(deg) 12.00 12.00 -
FuelFlow-JP-8(gal/hr) 4.69 4.72 -0.65%
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Figure47:PerformanceProcedureFlowPropertyTotalResidualConverge nce
Theperformanceoftherotarywingejectorforara ngeofrotorthrustsiscomparedto
acleanrotorandareactiondriverotor.Theclea nrotorhasthesamebladeplanformas
therotarywingejectorblade,withthemaindiffer encebeingthecleanrotorbladehasa
12%NACAairfoilsectionfromthebladeroottothe bladetip.Thereactiondriverotor
alsousesthesameplanformastherotarywingejec torblade.Thetipsectionofthisblade
issimilartothetipsectionoftherotarywingej ectorbladewiththeejectorshrouds
removed.Thedifferencesbetweenthethreerotorb ladesareconcentratedatthebladetip
region,isolatingthecausalityofanyperformance implicationstothisregionoftheblade.
Thereactiondriverotorrequiresaniterativeproc eduretoachievetrimateachblade
collectivepitchangle.Thereactiondrivethermod ynamicmodelisruninisolationto
determinethenozzleflowconditionsbasedonacle anrotortorquerequired.Atwo-
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dimensionalCFDmodelofthebladesectionwiththe reactiondrivenozzleissetupand
runoverarangeofanglesofattackandMachnumbe rs.Theliftanddragarethen
tabulatedasfunctionsofangleofattackandMach numberandfedbackintotherotor
aerodynamicmodeltore-computetherotortorquere quiredfortheselectedhover
condition.Thisprocedureisrepeatedforeachhov eringrotorthrustconditionuntilthere
isasmallrelativechangeintherotortorquerequ iredandreactiondrivenozzleflow
conditionsbetweeniterations.
AcomparisonoftherotorpowerrequiredandFigure ofMeritasafunctionofrotor
thrustbetweentherotarywingejector,cleanrotor ,andreactiondriverotorispresentedin
Figure48andFigure49,respectively.Therotary wingejectorshowstheexpected
increaseinrequiredpowercomparedtoboththerea ctiondriveandcleanrotorsduetothe
addedgeometryandejectornozzleflow.Additional ly,therotorthrustisreducedfora
givencollectivepitchangle,indicatedbythehori zontalshiftofthecurvetotheleft
comparedtothereactiondriveandcleanrotorconf igurations.Theamountoffuelburned
inthecombustionchamberovertherangeofcollect ivepitchanglesispresentedinFigure
50.Thistrendfollowsthepowercurvetrendasex pectedforareactiondriverotor
configuration.Theincreaseinfuelburncompared tothereactiondriverotorisdueto
boththeincreaseddragresultingfromtheejector geometryandflowandtheincreasein
energyrequiredtomixthesecondaryandprimaryfl owswithintheejector.Figure51
showsacomparisonoftheexitvelocitybetweenthe primarynozzleandejectornozzle
computedbytheejectorcontrolvolumemodelandth eexitvelocityofthereactiondrive
rotornozzle.Theresultshowstheejectornozzle reducingtheexitvelocityacrossthe
rangeofrotorthrusts.Themagnitudeofthereduc tioninexitvelocityisbasedon
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idealizedassumptions;therefore,thisresultonly providesalowerbound.Thepeak
velocityattheexitplaneoftheejectorfromthe 2DCFDmodelisalsoincludedinFigure
51.Thisprovidesanupperbound,asthetwoflows areonlymixedthoughttheturbulent
shearlayer.Comparingtheexitvelocitiesbetween the2DCFDresultsandthereaction
driverotorshowthatindicatethatthepeakveloci tyisgreaterfortherotarywingejector.
Thisisduetoincreasedoutputfromtheprimaryno zzletoovercomethethrustlossesand
dragpenaltiescausedbytheejectornozzle.Becau sethereislimitedvolumeatthetipof
therotorblade,themixinglengthtoachievecompl etemixingisinsufficientthroughthe
turbulentshearlayeralone.Aforcedmixingprima rynozzlewouldincreasetheamount
ofmixingbetweenthesecondaryandprimaryflows; however,itmaystillnotachievethe
one-dimensionalcontrolvolumeresults.
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Figure48:RotorPowerasaFunctionofThrust
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Figure49:RotorFigureofMeritasaFunctionofThrust
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Figure50:TipJetFuelFlowasaFunctionofRotorThrust
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Figure51:EjectorNozzleExitVelocityasaFunctionofRotorThrust
5.3 ChapterSummary
Theprimarilyfocusofthisstudyisthedevelopmen tofacoupled,multi-disciplinary,
analyticalmethodtoaddresssizingandperformance ofarotarywingejectorinhover.
Thestudyalsoprovidessomeinsightintotheaerod ynamicandthermodynamic
characteristicsofthisrotorandejectorconfigura tioninthehoveringflightcondition.
Basicaerodynamicandthermodynamicaspectsareinv estigatedwiththeintentof
providingafoundationforbothhigherfidelityaer odynamicmodelingandacoustic
predictions.
Itisrecognizedthatnotallofthefluiddynamic processesandinteractionsare
capturedunderthepresentassumptions.However,t hereducedcomputationalmodeling
effortallowsfordesigntradeoffsandbasicperfor mancetrendstobeperformedforthis
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rotorconfigurationinanearlystageofdesigntha tmaylackdetailedknowledgeofthe
rotor.Fullintegrationofthegridgenerationand CFDmodelingintoboththesizingand
performanceprocedureswillreducethemodeler’sef fortandthepossibilityoferror.
Additionally,itwasdiscoveredthattheamountof fuelburnedinthecombustormodel
neededtobeincreasedoverthevaluerequiredbyt hereactiondrivenozzlealone(without
theejector)inorderfortheejectorthermodynamic modeltoreachafeasiblesolution.In
fact,thepercentageofincreaseintheamountoff uelburnedbytherotarywingejector
maybetreatedasadesignvariableduetoitsinfl uenceonthefinalthermodynamic
solution.
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CHAPTER6 
6.0ROTARYWINGEJECTORAERODYNAMICANALYSIS
Athree-dimensionalCFDmodeloftherotarywingej ectorisdevelopedtostudythe
aerodynamiceffectsinahoveringflightcondition. Thegeometricconfigurationis
determinedbythesizingprocedurepresentedinCha pter5.Atrimprocedureis
implementedtobalancetheejectornozzlethrustco mputedbythethermodynamicmodel
withtheejectornozzlethrustrequired,derivedfr omtherotortorquerequiredcalculated
bytheCFDmodel.Theaerodynamicperformanceoft hisrotorconfigurationis
comparedtothecleanrotorpresentedinChapter4 andthetwo-dimensionalmodeling
resultspresentedinChapter5.Additionally,the three-dimensionalinternalflowfieldof
theejectoriscomparedtothetwo-dimensionalresu lts.
6.1 RotaryWingEjectorNozzleThrustBalancing
Thethrustproducedbytheejectornozzleequalsth ethrustrequiredtorotatetherotor
bladesataspecifiedRPMforatrimmedflightcond ition.Theejectornozzlethrustisa
functionoftheprimarynozzlepressureandtempera tureratio,andgasvelocity.These
parametersarecomputedbythethermodynamicmodel presentedinChapter5andare
basedontherotortorquerequiredcalculatedbyan aerodynamicmodeloftherotor.
Therefore,aniterativeprocedureisrequiredtoba lancetheejectornozzlethrustfora
givenflightcondition.
Theejectornozzlethrustbalancingprocedureispr esentedgraphicallyinFigure52.
TherotorconfigurationdefinedinChapter5,Table 11,isusedasthestartingpoint.The
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rotorandejectorgeometryareusedtogenerateat hree-dimensionalcomputationalgrid.
Theprimarynozzlepressureandtemperatureratio, andMachnumberareboundary
conditionsfortheCFDmodel.Uponconvergenceof theCFDmodel,therotortorque
requiredandejectorthrustarecomputed.Theroto rtorquerequiredispassedtothe
thermodynamicmodelofthereactiondriveandeject ornozzle,wheretheprimarynozzle
pressure,temperatureandMachnumberarecomputed tomatchtheejectornozzlethrust
required,thusprovidingtherotortorquerequired. Theejectornozzlethrustcomputedby
thethermodynamicmodeliscomparedtotheejector nozzlethrustcomputedbytheCFD
model.Iftheejectorthrustsdonotmatch,there sultingejectorprimarynozzleboundary
conditionsareupdatedandtheCFDmodelisrunaga in;otherwise,thethrustbalancing
procedureiscomplete.
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Figure52:EjectorNozzleThrustBalancingProcedure
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6.2 RotaryWingEjectorThree-DimensionalModel
Thethree-dimensionalCFDmodeloftherotarywing ejectorisbasedonthe
configurationpresentedinChapter5,Table11.Th erotorisoperatinginahovering
flightconditionataspecifiedcollectivepitchan gle.Therefore,itisassumedthatthereis
noflappingorlaggingmotionoftheblades,andth eyarerigid.Additionally,therotoris
assumedtobeaxi-symmetricabouttherotationalax is.Theentiredomainisrotatedat
therotationalspeedoftherotorinanunsteadyfo rmulation.Eachtimestepisrelatedto
therotationalspeedandthedesiredazimuthangle incrementbythefollowingequation.
(109)
Ω
=
360
ψddt
Theazimuthangleincrementselectedforthisstudy is0.1degrees,requiring3600time
stepsforonefullbladerotation.
6.2.1  GridTopology
Thethree-dimensionalcomputationalgridisastruc tured,blocked,C-Hgrid
generatedinGridgen ®.Theaxi-symmetricassumptionallowsforonlyone halfofthe
two-bladedrotortobemodeled.Theejectorgeomet ryrequirestheC-gridsurrounding
therotortobesplitintoseveralblocks.Thegri dpointsareclusteredinthefarwake
usingthewaketrajectorydataprovidedbyCaradonn aandTung(1981).Theoverallgrid
topologyispresentedinFigure53.Thetotalnumb erofgridpointsis25,945,479forthe
entirecomputationaldomain.
Thelayoutofthegridblockssurroundingtherotor andejectorispresentedinFigure
54.Therotarywingejectorbladeisseparatedint ofourblocksalongtheradialdirection.
Thefirstblocksurroundstherotorbladefromthe roottothebeginningoftheejector
 108
nozzle.Thesecondblocksurroundstherotorblade forwardoftheejectorsecondary
inletsandisboundedinthesurfacenormaldirecti on( )bytheejectorshroudouter
surface.Thethirdblocksurroundstheejectorshr oudsandsecondblock.Thelastblock
containstheupperandlowersecondaryinletsandt hemixingsectionoftheejector.
Aradialsectionalsliceofthegridsurroundingth eejectornozzleispresentedin
Figure55.Atotalof4,549,770gridpointsareco ntainedwithintheejectormixing
section.Thegriddimensionsofthissectionareb asedonthetwo-dimensionalmodeling
presentedinChapter5.Inordertointerfacethe ejectormixingsectionblockwiththe
gridblocktrailingtherotorblade,asingularity boundaryisrequiredtocollapsethegrid
pointsextendingfromtheejectorprimarynozzle.
ThebladetipgridtreatmentispresentedinFigure 56.Asharpedgeatthebladetipis
createdwithagridblockprotrudingfromtheblade tipsurface,intheradialdirection,to
thefarfield.Thistiparrangementprovidesamin imalamountofgridcellskewness;
however,singularboundariesarerequired.Theseb oundariesprotrudefromtheleading
andtrailingedges,intheradialdirection,andma keuptwoofthegridblockfacesofthe
gridblockprotrudingfromthebladetip.
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Figure53:RotaryWingEjectorGridTopology
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Figure54:RotorandEjectorGridBlockLayout
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Figure55:EjectorRadialSectionalGridTopology
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Figure56:BladeTipGridTreatment
6.2.2  BoundaryConditions
Theboundaryconditionsappliedtothethree-dimens ionalrotarywingejectormodel
aresimilartothosedefinedinthethree-dimension alrotormodelanalyzedinChapter4.
Oneofthetwobladesismodeledassumingtheflow isaxi-symmetric,requiringperiodic
boundariesatthedomainsplit,showninFigure53. Thecenterofthedomain
surroundingthecenterofrotationisdefinedasan extrapolationboundary,whiletheouter
farfielddomainsurfacesareinflow/outflowbounda ries.Thebladeandejectorshroud
surfacesareno-slipviscouswallboundaries.The primaryejectornozzle,shownin
Figure55,isaninflowboundarywiththetotalpre ssure,totaltemperature,andMach
numberdefinedfortheflowenteringthedomain.
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Thereareseveralsingularboundariesthatarerequ iredforthisgridtopology.The
firstislocatedattheinterfaceoftheejectormi xingplaneandthegridblocktrailingthe
rotorblade.Thesecondandthirdsingularboundar iesarefacesinthegridblock
protrudingintheradialdirectionfromthebladet ipandprovidethemeanstomodela
sharptippedrotorblade.
6.2.3  ModelConvergence
Theoverallconvergenceoftherotarywingejector modelisobservedbythe
reductionofthetotalresidual,decayofthegloba ldragtoaconstantvalue,andthe
changeintheglobaldragovervaryinglevelsofgr idrefinement.Themodelisrunfor
36,000iterations,representing10fullrotationsa t0.1degreesand10sub-iterationsper
timestep.Thecomputationtimefor64processors is381hours,12minutes,and5
seconds.Thetotalresidualasafunctionofitera tionnumberispresentedinFigure57.
Thetotalresidualattainsarelativelyconstantva lueafter8000iterationsandreduces
morethan1andahalfordersofmagnitude.Theme andragcoefficientasafunctionof
iterationnumberispresentedinFigure58.Eachg ridcoarsenesslevelisrunfor12,000
iterations.Thecoarsegridshowssomehighfreque ncyoscillationsinthemeandrag
valuebeforethemodeltransitionstothemediumgr id.Thisbehaviorisnotpresentinthe
3Drotorvalidationstudyandisthereforeattribut edtotheejectornozzle.Thechangein
themeandragcoefficientforvaryinggridcoarsene sslevelsispresentedinTable14,
showinggoodgridconvergence.
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Figure57:Three-DimensionalCFDModelTotalResidualConvergenceHist ory
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Figure58:Three-DimensionalCFDModelMeanDragConvergenceHistory
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Table14:Three-DimensionalCFDModelMeanDragGridConvergence

Numberof
GridPoints
MeanDrag
Coefficient, Cd
CoarseGrid 6,486,371 0.443
MediumGrid 12,972,740 0.164
FineGrid 25,945,479 0.146
RichardsonExtrapolation - 0.145

Thethrustbalancingprocedure,presentedinFigure 52,isappliedtothethree-
dimensionalmodeloftherotarywingejector.The initialmodelisexecutedusingthe
primarynozzleboundaryconditionsobtainedfromth erotarywingejectorsizing
procedureinChapter5.Uponcompletionofthe3D CFDmodel,thetorqueiscomputed
bysummingtheresultantdragforce,multipliedby theradialdistance,alongtheblade.
Thenetthrustrequiredisthenthetorquedivided bythebladeradius.Thenetthrust
producedbytheejectornozzleisfoundbysumming theintegratedmomentumatthe
secondaryinletsandejectorexit,giveninthefol lowingrelation.
(110)  ( ) ( ) ( )
ExitAInletLowerAInletUpperA
dAVVdAVVdAVVFN  ⋅+⋅+⋅=  ρρρ
__

Thefirsttwotermsinequation(110)representthe ramdragoftheejector,andthethird
termrepresentsthegrossthrust.Thenetthrustv aluesarecomparedandtheprimary
nozzleboundaryconditionisadjustedbyincreasing ordecreasingthefuelflowwithin
thereactiondrivethermodynamicmodel.Theresult safterthreeiterations,presentedin
Figure59,showaslightovershoot.Thiscouldbe easilyremediedbyswitchingtoa
gradientbasedschemeasopposedtothefixedpoint schemecurrentlyimplemented.The
ejectornozzleramdrag,grossthrust,andnetthru starepresentedinTable15,wherethe
secondaryinletramdragisshownasanegativethr ust.Itisinterestingtonotethatthe
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ramdragoftheuppersecondaryinletisovertwoa ndahalftimesgreaterthanthatofthe
lowersecondaryinlet.Theangleofattackoverth etipregionispositive,whichresultsin
agreaterairvelocityenteringtheuppersecondary inletcomparedtothelowersecondary
inlet.Theuppersecondaryinletareaisslightly smallerthanthelowersecondaryinlet
area,aspresentedinChapter5,Table11.Thisis doneinanattempttobalancethemass
flowratethroughtheupperandlowersecondaryinl ets.Themassflowratesare
computedforthe3Drotarywingejectormodelbyth efollowingequation.
(111)
ExitAInletLowerAInletUpperA
dAVdAVdAVm  ++=  ρρρ
__

TheresultingmassflowratesarepresentedinTabl e16.Theuppersecondaryinletmass
flowrateisgreaterthanthatofthelowerseconda ryinlet.Thiscertainlycontributesto
theincreasedramdragshowninTable15.Addition ally,bothofthesecondaryinletmass
flowratesaregreaterthanthosepredictedbythe 2Dmodeling.
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Figure59:ThrustBalancingProcedureConvergenceHistory
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Table15:EjectorThrust
 Thrust(lb)
UpperSecondaryInlet -6.52
LowerSecondaryInlet -2.42
EjectorExit 17.48
Net 8.54

Table16:EjectorMassFlowRate
 MassFlowRate(lb/s)
UpperSecondaryInlet 0.17
LowerSecondaryInlet 0.12
PrimaryNozzle 0.30
EjectorExit 0.58
6.2.4  RotaryWingEjectorModelingResults
Theliftcoefficientiscomputedalongtheradiald irectionofthebladeusingequation
(104)withtheforcecomponentscomputedbyCFL3D. Theresultingradialload
distributionispresentedinFigure60.Immediatel y,thedifferencebetweentheclean
rotorandrotarywingejectorisapparentattheti pregion.Therearespikesin CLatthe
locationswherethebladetransitionstotheejecto rnozzle.Thesharpdropin CLatthe
startandendoftheejectornozzlesectionisprim arilyduetotheshapeoftheejector
nozzlesidewalls,showninFigure61.Thetransiti oninloadingfromtheejectornozzle
sidewallsectiontotheejectornozzlesectionisv eryabruptandintheoppositedirection
ofthetwo-dimensionalCFDbasedmodeloftherotar ywingejector.Thiseffectappears
toprimarilybetheresultofthechangeingeometr yandcouldbereducedbysmoothing
thetransitionfromthebladetotheejector.The liftcoefficientshowsadecayingtrend
alongtheradialdirectionacrosstheejectornozzl e.FromthedatapresentedinFigure60,
itisunclearastowhythisisthecase.Thetota lloadingattheejectorsectionsofthe
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rotorbladearethesumofthebladetipsectionlo adingandtheloadingoftheupperand
lowerejectorshroud.Thepressuredistributionsi nthechord-wisedirectionofthese
components,atthreeradialsectionswithintheeje ctornozzle,arepresentedinFigure62-
Figure64.Theuppershroud(Figure62)showsani ncreaseinnegativepressure,
indicatinganincreaseindownload,fromtheinboar dsectiontotheoutboardsection.The
lowershroud(Figure63)hasasimilartrend;howev er,thegreatestchangeoccurs
betweennondimensionalradialdistances0.9and0.9 35.
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Figure60:RotaryWingEjectorRadialLiftDistribution
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Figure61:EjectorSidewallContoursofConstantMachNumber
-8
-7
-6
-5
-4
-3
-2
-1
0
1
0.000 0.200 0.400 0.600 0.800 1.000
x/c
cp
UpperShroudr/R=0.9
UpperShroudr/R=0.935
UpperShroudr/R=0.97

Figure62:UpperShroudChord-wisePressureDistributions
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Figure63:LowerShroudChord-wisePressureDistributions
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Figure64:BladeTipChord-wisePressureDistributions
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Thereisalsoadecreaseinthepositivepressure, orupload,betweennondimensional
radialdistances0.935and0.97ofthebladetipse ction(Figure64).Thistrendis
expectednearthebladetipregionandisprimarily duetotiplosseffects.Thereisalmost
nodifferenceinthechord-wisepressuredistributi onsofthebladetipsection(Figure64)
betweennondimensionalradialdistances0.9and0.9 35.Therefore,thereductioninthe
radialliftdistribution,showninFigure60,betwe ennondimensionalradialdistances0.9
and0.935isattributedtotheupperandlowerejec torshrouds.Thereductionintheradial
liftdistributionbetweennondimensionalradialdis tances0.935and0.97isacombination
ofthedownloadfromtheejectorshroudsandtheti plosseffectsatthebladetip.
 TheoscillationsinFigure62andFigure63aredu etoflowseparationalongthe
insidesurfaceoftheejectorshrouds.Thiscanbe visualizedintermsofcontoursof
constantMachnumberateachofthethreenondimens ionalradialdistances,shownin
Figure65-Figure67.Regionsofseparatedflowa reindicatedbydarkerblue.Itisclear
fromboththepressuredataandtheflowvisualizat ionthatthelowershroudissheddinga
vortexattheentrancetothemixingplane.Thisb ehaviorwasnotpresentinthe2D
models,mostlikelybecausetheywererununderthe steady-stateassumption.
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Figure65:EjectorSectionContoursofConstantMachNumberatr/R=0.9

Figure66:EjectorSectionContoursofConstantMachNumberatr/R=0.935
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Figure67:EjectorSectionContoursofConstantMachNumberatr/R=0.97
Theoverallpredictedrotorperformanceoftherota rywingejectorresultingfromthe
three-dimensionalmodelispresentedinTable17. Therotorthrustandpowerare
comparedtothethree-dimensionalCFDcleanrotorm odelpresentedinChapter4andthe
two-dimensionalCFDbasedrotarywingejectormodel presentedinChapter5.The
reductionisrotorthrustwhencomparingthethree andtwo-dimensionalmodelsshownin
Table17isalsoevidentinFigure60.Thereisal mosta10%differenceinrotorpower
betweenthemodels.Therearetwoprimaryfactors thatareattributedtothisdifference
evidentfromthedatapresented.Theejectornozzl esidewallsarenotincludedinthetwo-
dimensionalCFDbasedmodeloftherotarywingejec tor.Themassflowratewithinthe
secondaryinletsresultsinanincreaseinMachnum berabovethedesigntarget.Thishas
theeffectofincreasingtheskinfrictionoverthe inletsurfaces,therebyincreasingdrag.
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Table17:RotaryWingEjectorRotorPerformanceComparison
 CT C P
1.3DCleanRotorCFD 8.71E-03 1.19E-03
2.2DRotaryWingEjector 6.87E-03 1.33E-03
3.3DRotaryWingEjector 7.71E-03 1.46E-03
Difference1-3(%) -11.45% 22.63%
Difference2-3(%) 12.27% 9.72%
6.3 ChapterSummary
Athree-dimensionalCFDmodelofarotarywingejec torisdevelopedtostudythe
aerodynamiceffectsinahoveringflightcondition. Thetrimprocedureimplementedin
thisportionoftheresearchshowsthecapabilityt omatchtherequiredejectornozzle
thrustrequiredtohovertothethrustproducedby theejectornozzleforagivencollective
pitchangle.Theresultingtrimsolutionshowedan increasedmassflowratewithinthe
secondaryinletswhencomparedtothetwo-dimension alCFDmodel.Thepresenceof
theejectornozzleresultedinadecreaseinlifta longthecoincidentbladespanasthe
resultofanincreaseindownloadcontributionfrom theejectorshrouds,inadditiontothe
bladetiplosseffects.Theoverallpredictedperf ormanceofthethree-dimensionalmodel
oftherotarywingejectorshowsanincreaseinbot hrotorthrustandpowercomparedto
thetwo-dimensionalCFDbasedmodelpresentedinCh apter5.
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CHAPTER7 
7.0CONCLUSIONSANDRECOMMENDATIONS
Thereactiondriverotorisachallengingengineeri ngproblem,addedtothealready
complexrotorsystem.Integratinganejectornozzl eaddstoboththedesignandsystem
complexity.Theresearchdevelopsacoupled,multi -disciplinary,analyticalmethodto
addresssizingandperformanceofarotarywingeje ctor.Aerodynamicand
thermodynamicaspectsareanalyticallyinvestigated andintegrated,providingthebasis
forhigherfidelityaerodynamicmodeling.Athree- dimensionalcomputationalfluid
dynamicmodelisincorporatedintoanejectornozzl ethrustbalancingprocedure,
providingatrimsolutionforahigherfidelitymod elofahoveringrotarywingejector.
7.1 Contributions
Theapplicationofanejectornozzlewithareactio ndriverotorfurtherincreases
systemcomplexitywithrespecttodesignandanalys is.Therotarywingejectorsizing
methodologydevelopedinthisresearchaddressesth eproblemofdeterminingtheejector
geometriestoproducetherequiredthrustforagiv enflightcondition.Alowerfidelity
rotarywingejectormodelisdevelopedtorapidlyg enerateejectorgeometrycriticalfor
higherfidelityanalysisanddesignbasedonvehicl eandrotorparameters.Inadditionto
sizingtheejectorgeometry,themodelallowsford esigntradeoffstobeperformedfor
thisrotorconfigurationbylinkingmodelcomponent stostandardrotorandejectordesign
variables.
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Therotarywingejectorsizingmethodologyisexten dedtocapturebasicrotorand
ejectorperformancetrends.Thelowerfidelityrot arywingejectormodelisreformulated
todetermineejectorflowparametersbasedonprede terminedejectorgeometry.Arange
ofrotorthrustconditionsarestudied,showingthe effectsoftheejectornozzleonthe
rotorpowerandefficiency.Theejectorexitveloc ityiscomparedtotheprimarynozzle
velocity,givinggoodindicationoftheupperandl owerboundsforpotentialnoise
reductionoverarangeofrotorthrusts.
Athree-dimensionalCFDmodeloftherotarywingej ectorisdevelopedtofurther
studyaerodynamiceffects.Anejectornozzlethrus ttrimprocedureisintroducedto
balancetherequiredejectornozzlethrusttohover tothethrustproducedbytheejector
nozzle.Differencesinthepredictedmassflowrat esbetweenthetwo-andthree-
dimensionalmodelsareidentified.Theeffectthe ejectorshroudhasonthecoincident
bladeloadingischaracterized.Finally,theovera llrotorperformanceoftherotarywing
ejectoriscomparedtothereducedcomputationalmo delandaconventionalrotorin
hover.
7.2 LessonsLearned
Theexperiencegainedfromthetwo-dimensionalejec torflowCFDvalidationmodel
leadtoasubstantiatedselectionoftheappropriat eejectorgriddensityandturbulence
model,bothcriticaltotherotarywingejectorsiz ingprocedure.Experiencegainedfrom
thethree-dimensionalCFDmodelofahoveringrotor aidedinthegridgenerationand
modelexecutionofthemorecomplex3Drotarywing ejectormodel.Thisworkbuiltup
confidencethataCFDmodeloftherotarywingejec torispossiblewiththetools
available.
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Itwasdiscoveredduringthedevelopmentandtestin goftherotarywingejector
nozzlesizingprocedurethatnofeasiblesolutionc ouldbefoundwhentheejector
thermodynamicalgorithmwasactivatedfollowingthe reactiondrivethermodynamic
algorithm.Aftercarefulconsiderationoftheprob lem,themostlogicalapproachwasto
increasetheenergyoutputfromthereactiondrive nozzlebyincreasingtheamountof
fuelburnedcomparedtowhatisrequiredwhenther eactiondrivewasoperatingalone.
Thetwo-dimensionalCFDmodelingperformedduringt herotarywingejectorsizing
andperformanceproceduresrequiredalargenumber ofindividualinputandoutputfiles.
Duringtheearlyexecutionoftheseprocedures,dat atransferredtoandfromtheCFD
modelswashandledmanually.Itbecameclearthat thiswouldbecomeaveryinvolved
process,requiringsignificanteffortbytheuser. Twoprogramsweresubsequently
developedtotransferthedatabetweenthethermody namicmodelsandCFDmodels.
Thisallowedforamoreautomatedprocedure,anden abledrunninglargenumbersof
CFDmodelssimultaneously.
Pre-andpost-processingprogramsweredevelopedto reducethetotalmodelingtime
associatedwiththethree-dimensionalCFDmodels. Thepre-processorwasdevelopedto
generatethemodelinputfilesafteritwasdiscove redthattheCFL3D’sblocksplitting
programhaddifficultieswiththegridtopology.T hepost-processingprogramextracted
surfacepressuredatafromthemodelfielddataout putfile.Additionally,dataforboth
wallsandflow-throughplaneswasextractedfromco ntrolsurfaceoutputfiles.
7.3 Improvements
Thecomputationalgridgenerationforboththetwo andthree-dimensionalCFD
modelsrequiredasignificantamountoftime.For thetwo-dimensionalmodeling,the
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timewasspentregeneratingessentiallythesamegr idoverandoverwithsmall
modificationsingeometry.Thisprocesswouldbene fitfromaninputfiledrivengrid
generatorasopposedtoagraphicaluserinterface, allowingfullintegrationofthegrid
generationandCFDmodelingintoboththesizingan dperformanceprocedures.In
additiontoreducingtheusereffortduringtheexe cutionofthemodel,bothprocedures
couldbeincludedinsystemoptimization.
ThesolverwithinthethermodynamicmodelusesNewt on’smethodforasystemof
equationstoiterativelysolvefortheunknowns.N ewton’smethodrequiresreasonable
initialguessvaluesfortheunknownstoreachthe solution.Theengineermaynothave
theexperiencenecessarytoinputguessvaluesthat willresultinconvergence.Thismay
alsobecomeproblematiciftherotarywingejector sizingprocedureiswrappedinsidea
higherleveloptimizer.Attheveryminimum,logic shouldbeaddedtothe
thermodynamicmodelsuchthatgeometricandflowpa rametersstaywithinacceptable
ranges.
7.4 FutureWork
Theanalyticalmethodspresentedinthisdocumentp rovideafoundationforfuture
studyofanejectornozzleintegratedwithareacti ondriverotor.Thesemethodsare
largelyscaleindependentandthereforecanbeappl iedtoafullsizedrotorcraft
implementingthistypeofrotorconfiguration.Fur thermore,theycanbereadilycoupled
toanaeroacousticmodeloftheejectornozzletop redictthejetnoiseforthegivenflight
condition.Whilethehoveringflightconditionis theprimaryfocusofthisresearch,
forwardflightmaybestudiedbysimplyreplacingt herotoraerodynamicmodelwitha
modelthathasforwardflightcapabilities.Thise nhancementwouldenabletheprediction
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oftheeffectiveperceivednoiselevel(EPNL)durin gthetakeofforlandingofthistypeof
rotorcraft.
Theforcedmixingofthehighspeedflowexitingth etipjetnozzleandthelower
speedsecondaryflowbythelobedmixernozzlewith inintheejectorisaddressed
empiricallyfortherotarywingejectorsizingand performancemethods.Thetwoand
three-dimensionalCFDmodelspresentedinthisdocu mentdonotaddresstheforced
mixingofthetwoflows.Aforcedmixingnozzlewo uldtypicallybeincorporatedon
mostejectornozzleconfigurationsastheyhavesho wnenhancedmixingresultingina
morecompactdesign.Astudyoftheaerodynamican dacousticeffectsofaddinga
forcedmixingnozzletotherotarywingejectorwou ldcomplementthisresearch.
Thereisstillgapbetweenthecapabilitiesofthe currentcomprehensivecodes
(RCAS/CAMRAD)andwhatisrequiredforareactiond riverotorconfiguration.The
rotoraerodynamicsisbasedonempiricalorCFDgen eratedlift,drag,andmoment
coefficients.Thedevelopmentofacouplingscheme betweenthecomprehensive
rotorcraftcodeandthebladetipaerodynamicsand thermodynamicsopensthedoorfora
morecompleteinvestigationoftheflightenvelope.
Thecontrolvolumeshowedpoorcorrelationwiththe two-dimensionalandthree-
dimensionalCFDmodelswithrespecttothecontrol volumeboundaryflowconditions.
Thisisdue,inpart,tothedimensionalreduction oftheflowpropertiesduringtheejector
sizingprocedurethroughmassaveraging.Massaver agingprovidesarapidconversionof
theCFDflowprofiledataintoone-dimensionalvalu es.Themassaveragedpressure,
temperature,andvelocityarethenusedtocompute continuity,momentum,andenergyin
theone-dimensionalcontrolvolumemodel.However, thesevaluesdonotmatchthe
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integratedmass,momentum,andtotalenergyfromth etwo-andthree-dimensionalCFD
models.Toaddressthisissue,aniterativeproced urecouldbeappliedtodeterminethe
pressure,temperature,andvelocitythatsatisfyth eintegratedcontinuity,momentum,and
energyfromtheCFDresults.Thesevaluesthenrep resenttheone-dimensionalflow
parametersthatarethenusedinthecontrolvolume analysis.Theprimarydisadvantage
tothisprocedureisthattheentropyisnotbalanc edbetweentheCFDandone-
dimensionalrepresentationsoftheflowproperties.
Finally,theejectorpresentedinthisresearchis simplifiedintermsofitsgeometry
andplacement.Optimizationoftheejectorgeometr icconfiguration,focusedon
minimizingtheoverallrotorpowerrequired,isthe nextlogicalextensionofthe
methodologypresentedinthisresearch.Secondary inlets,ejectorshroud,andejector
nozzlevectoranglerepresenttheprimaryelements oftherotarywingejectorsystemthat
areavailableforoptimization.Theplacementoft hesecondaryinletswithrespecttothe
rotorbladecrosssectionshouldbeselectedsucht hattheoperationoftheejectoris
relativelyinsensitivetothelocalangleofthefr eestreamflow.Theshapeoftheejector
shroudshouldminimizedragandmaximizeejectorpe rformance,whichmaybe
conflictingrequirements.Theangleatwhichthen ozzleflowisexhaustedshouldbe
consideredtodeterminethebestlift-to-dragratio oftheejectornozzlesectionand
thereby,thelowestrotorpowerrequirement.
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